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ABSTRACT 
Metal-Organic Materials (MOMs) represent an important division of coordination 
chemistry. They are self-assembled through the linking of metals with organic ligands. They 
gained their spotlight among scientists for their aptitude for design and facile synthesis via their 
multi-component coordination, and their readiness to functionalization. MOMs have been targeted 
for specific industrial and environmental applications such as gas storage, catalysis and CO2 
sequestration. 
Throughout the past decade, studies have been conducted to develop systematic approaches 
toward the design and synthesis of functional MOMs. Their synthesis from targeted building units 
has facilitated their rational design and functionalization. The Molecular Building Block (MBB) 
approach was first developed to direct the design of MOMs from preset building blocks with 
specific connectivity amenable to form the overall MOM structure with the desired topology. 
These building blocks are easily constructed in situ through the chelation of multifunctional 
ligands (i.e, carboxylic acid, amine, etc) to single ion or cluster metals such as dinuclear copper 
paddlewheel, and basic zinc acetate. As complexity and applications for MOMs increased, a new 
approach was developed through the utilization of Supermolecular Building Blocks (SBBs) for the 
assembly of more complex and higher connected MOM structures. The SBB approach is 
implemented through the formation of highly coordinated metal-organic polyhedra (i.e, small 
rhombihexahedron, cuboctahedron, etc) which are further linked by organic ligands to construct 
functional porous materials with the desired net topology. 
xiii 
 
In this work, we focus on the implementation of a new design approach based on utilizing 
targeted [M(R-BDC)]n 2D  layers as building blocks, i.e Supermolecular Building Layers (SBLs). 
We target well-known 2D layers that are amenable to pillaring through organic building blocks 
with specific geometries (i.e quadrangular, hexangular) in order to rationally design and synthesize 
functional porous metal-organic materials. These SBLs are derived from multifunctional ligands 
capable of both directing the formation of the 2D layers and pillaring to construct the overall 
targeted 3D structures with the desired topology (i.e, tbo-MOMs, eed-MOMs, mmm-MOMs, bor-
MOMs, and eef-MOMs). Ultimately, we construct isostructural, and isoreticular materials which 
show potential for many applications such as gas storage, gas separation, and catalysis. These 
materials have been targeted through the rational choice of specific ligands and proper metals 
which we recognized to have the capability and the functionality to direct the construction of the 
desired functional materials and to reach our research goals. 
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CHAPTER 1: AN INTRODUCTION TO METAL-ORGANIC MATERIALS 
(MOMS)  
1.1. Exordium of the Design and Synthesis of Metal Organic Materials 
For over five decades, researchers have been attracted to solid state chemistry and 
coordination chemistry due to the versatile properties and interdisciplinary characteristics of both 
fields1-5. Synthetic chemists have been focusing on ameliorating techniques and stratagems to 
synthesize targeted compounds with desired properties and functionality. Coordination chemistry 
offers chemists the opportunity to design and construct novel materials such as Metal Organic 
Materials (MOMs)6-11 for multiple applications;they represent a new generation of crystalline solid 
state materials synthesized from coordinated metal nodes to bridging organic linkers.12-14 MOMs 
are also well recognized candidates for commercial15-16, environmental17-20 and medical uses. 21-23 
MOMs range in structure from periodic 0D- polyhedra to periodic 1D, 2D, 3D extended 
frameworks24-28; they are modular, flexible, and functional. MOMs are designed and synthesized 
from targeted organic ligands and a large variety of metals which allowed the exponential growth 
of MOMs and their diverse applications (Figure 1.1).29-30 Metal ions can adopt a myriad of 
coordination geometries which allows them to form appropriate molecular building blocks31-35. 
The organic ligands serve as linkers that allow the control of distance between the nodes (metal 
building blocks) and offer an inherent functionalization of the overall framework36-38. On this 
account, using the “building block” strategy has allowed scientists in general and chemists in 
particular to rationally design an array of functional MOMs.39-41 
2 
 
 
Figure1. 1: Histogram illustrating the exponential growth in the number of MOFs. (source: 
CCSD web, 03/12/2014. Image used with permission of the Cambridge Crystallographic Data 
Centre.) 
 
Molecular building blocks (MBBs) have proven to facilitate the design and construction of 
MOMs due to their diverse shapes, geometries and functionalities42-46. The MBB approach is a 
modular approach that retains structural and chemical attributes of the building blocks which 
allows the fabrication of made-to-order MOMs depending on their targeted properties and usages. 
As the need of more complex frameworks grew larger, new design approaches became more 
pressing and crucial. New generation of building blocks was developed where metal organic 
polyhedra (MOP)47-49 can be employed as nanoscale nodes to target more complex nets and 
therefore more complex frameworks. The new approach is coined Supermolecular Building Block 
(SBB) approach and allows the construction of higher connected and structurally complex 3D-
periodic MOMs that are otherwise unobtainable via the basic MBB approach50-54. In this 
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dissertation we introduce a hierarchically advanced approach which was developed in the intent to 
design and rationally control the construction of even higher connected nets than the MBB and the 
SBB approach could allow. Throughout the following work, we will report and characterize 
MOMs that have been constructed using our newly established Supermolecular Building Layers 
(SBLs) approach.55-58 
1.2. Historical Glance at Different Approaches Toward MOMs Design 
1.2.1. Coordination Compounds 
Coordination compound is certainly not of recent interest. One of the first coordination 
compounds recorded was the red dye created from the chelation of alizarin to aluminum and 
calcium (Figure 1.2). 59-62 The interest in coordination compounds was growing by the end of the 
nineteenth century as Hofmann discovered a nickel amine cyanide as Ni(CN)2.NH3.C6H6 and 
found that it traps benzene molecule as it crystallizes 63. 
 
Figure 1.2: The structure of one of the first recorder coordination compounds, alizarin chelated to 
Aluminum and Calcium. 
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In the meantime, another coordination compound was characterized by Alfred Werner, as 
a metal-cyanide compound known as Prussian Blue (PB).64-66The main interest in PB was mostly 
dye-related applications until it was discovered that its framework could enclose other small 
molecules without compromising the structural integrity of the framework. The structure of PB is 
formed by linking iron metals through cyano-organic linkers and with a general formula of, 
Fe4[(FeCN)6]3.xH2O (x=14–16) (Figure 1.3). These early discoveries have led to the construction 
of analogous compound by the exchange of one metal with another and the formation of new 
compounds comprising different characteristics and in some cases more advantageous 
characteristics.67-70 
 
Figure 1.3: Example of X-ray crystal structure of Prussian blue analogue, K4[Fe(CN)6]: 
Fe=green, K= orange, C=grey, N=blue 
 
Although the original analogues of PB were based on metal substitutions, 
Mx[My(CN)6]n.xH2O where M= Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Zn, it quickly became evident 
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that inorganic-organic materials can be designed and synthesized by also substituting the organic 
linkers. Consequently, the hybrid composition of coordination compounds has and still offers the 
potential to expand the scope of functional materials by rational design and intricate approaches.  
Later on, Robson and al. have demonstrated and established the feasibility of constructing 
designed materials by three dimensionally linking rod-like segments.71-73 Robson evidently 
introduced the concept of rational design toward the synthesis of new functional materials. Indeed, 
targeting novel materials by linking tetrahedral and octahedral clusters with rod-like units was the 
first step toward the development of multiple stratagems to construct new materials. The following 
subchapters will provide an aperçu of the most prominent approaches, and some functional MOMs 
derived from their implementation.  
1.2.2. Molecular Building Blocks (MBBs) Approach 
The quest toward the synthesis of hybrid materials comprising desired functionalities and 
characteristics has thrust scientists to develop strategies for a rational design. One of the strategies 
coined Molecular Building Blocks (MBBs) approach offered the ability to control and direct 
reticular chemistry74-78 of the building blocks to synthesize extended networks with specific 
targeted properties. Indeed, MBB approach has been implemented since early years of the 
millennium and has been extended and improved as the need of novel and “better suited” materials 
has increased.79-88 Choosing the right building block geometry (Figure 1.4) to construct the desired 
MOMs has been the main target as it naturally gives rise to porosity and offers loci for modification 
and functionalization.89-93 
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Figure 1.4: Illustration of rigid metal MBB clusters. (a) trimetal-oxo- hexacarboxylate, known as 
iron trimer M3O(RCO2)6L3. (b) Dimetal tetracarboxylate cluster coined as the “paddlewheel” 
M2(RCO2)4L2. (c) Basic zinc acetate cluster, Zn4O(RCO2)6. (d) trinuclear oxo-centered 
triazolate-bridged cluster, M3(μ3-O)(N3CR)3. (e) tetranuclear chloro-centered triazolate-bridged 
cluster, M4(μ4-Cl)(N4CR)8. (f) Illustration of a MOM constructed from bridging copper 
paddlewheels by an organic ligand. 
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1.2.3. Supermolecular Building Blocks (SBBs) Approach 
As the isolation of reaction conditions of high coordinated (i.e, > 6) 94-96 MBBs became 
more challenging, and the construction of MOFs based on these MBBs became scarce, the need to 
design more complex and more elaborate “building blocks” has shaped a new approach, 
Supermolecular Building Blocks (SBBs) Approach. The design and construction of SBBs can be 
easily attained as these complex building units can be assembled through relatively simple 3, 4-
connected MBBs (Figure 1.5).97-100 
 
 
Figure 1.5: Example of a small rhombihexahedron regarded as an SBB constructed by using 3 
and 4-connected MBBs. 
 
The utilization of such building blocks with high symmetry and connectivity has led to the 
construction of novel MOF platforms such as rht-MOFs (Figure 1.6).101-107 The use of 0D Metal 
Organic Polyhedra (MOPs) as SBBs has opened new horizons to the control and target of novel 
MOFs amenable to functionalization and tailored for specific applications.108-110 rht-MOF 
platform is attained by the use of 24-connected MOPS which are assembled through 3 and 4-
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connected MBBs. Indeed, gaining the control over these tools (MBBs, SBBs) has enabled the 
unlocking of targeted nets and therefore the rational construction of suitable MOFs. 
 
 
Figure 1.6: Select fragment illustrating the rht net constructed from 3 and 4-connected MBBs 
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1.2.4. Supermolecular Building Layers (SBLs) Approach 
As scientists and crystal engineers have gained better control over the design and 
construction of MOFs using building blocks approaches, new approaches have been established to 
target both specific and new topologies. Eddaoudi and al. have re-examined augmented 3D edge 
transitive nets111-114 in order to identify hierarchical building units (periodic 0D, 1D, 2D building 
units) and developed a strategy to construct MOFs based on pillaring of 2D layers; they established 
it as Supermolecular Building Layers Approach (SBLs).57 Pillaring of already known and 
established 2D nets 115-118 facilitates the rational design of MOFs as there exist only five edge 
transitive nets (sql (square lattice), kgm (Kagomé), hcb (honeycomb), kgd (Kagomé dual) and 
hxl (hexagonal lattice) 119-121 which can be targeted for further pillaring 122-126 and therefore the 
construction of 3D nets with higher degree of complexity (Figure 1.7).  
      
Figure 1.7: Illustration of the five known edge transitive layers. 
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The SBLs approach relies on the prospect of readily targeted 2D layer MOFs to construct 
3D functional porous MOFs. This is achieved by cross-linking the layers through possible pillaring 
sites (Figure 1.8).  
 
Figure 1.8: Schematic of the pillaring method by cross linking SBLs (green sheets) through 
coordination sites (blue) using organic ligands (yellow) 
 
This strategy requires the intricate selection of metals capable of forming the targeted 
layers and of precise organic ligand for pillaring. Depending on the targeted layers and the pillars 
of choice, a myriad of periodic 3D MOFs can be constructed and functionalized for specific 
applications. Indeed, once the 2D SBL is set, the pillaring component can be expanded and 
functionalized in order to fabricate countless isoreticular127-135 3D MOFs. One more advantage of 
this strategy is the fact that the windows of the layers remain intact (the expansion is along the 
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pillars only) which exclude the possibility of interpenetration; a phenomenon which reduces 
drastically the porosity of the framework.136-138 
Pillaring of the layers is achieved through two common ways: Axial-to-Axial Pillaring (A-
A)139-143 and Ligand-to-Ligand Pillaring (L-L)144-148. The layers are assembled through the 
coordination of specific metal clusters such as metal square paddlewheel MBBs [M2(O2CR)4(A)2; 
M = metal, A = axial ligand], trigonal prismatic MBBs [MxO(O2CR)6; M = metal] to an organic 
linker which generates two different loci for pillaring by either method (A-A, L-L). The next two 
sub-chapters delineate the two methods of pillaring used to construct the materials reported in this 
dissertation. 
1.2.4.1. Axial-to-Axial Pillaring Method 
 
Axial-to-Axial Pillaring is the simplest method of pillaring as it is done through the axial 
position of the metal cluster which is usually available for further coordination. Typically the axial 
position is occupied by terminal ligands (i.e, water, DMF)149 that are not part of the overall 
structure topology and can be exchanged with the pillaring ligand of choice (Figure 1.9). 
 
 
Figure 1.9: Examples of pillaring ligands used in the Axial-to-Axial method 
12 
 
Most readily constructed 2D SBLs are the sql and kgm layers as they are easily built from 
square MBBs (M2(O2CR)4(A)2; M = metal, A = axial ligand]) bridged by organic ligands such as 
benzenedicarboxylate (BDC) as there are only two ways of edge transitively connect square MBBs 
(Figure 1.10).150-155 
 
        
Figure 1.10: illustration of sql and kgm SBL constructed from the bridging of square MBB 
 
This method of pillaring typically requires the use of a separate pillaring organic ligand 
(i.e, dabco, bipyridine, functionalized bipyridine)140-142 separate from the layer directing ligand 
(i.e, benzendicarboxylate, isopthalate).139,143 In addition to sql and kgm SBLs that are mostly 
formed through bridging square MBBs, there are other SBLs (as mentioned before) which can be 
targeted through other types of MBBs (i.e, octahedral and trigonal prism MBBs).156-157 It is 
typically performed in one-pot reaction by combining all necessary/specific components or 
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sometimes by constructing the 2D SBL first and then combining with the organic pillar in order to 
form the final periodic 3D framework.  
1.2.4.2. Ligand-to-Ligand Pillaring Method 
The second type of pillaring of SBLs coined Ligand-to-Ligand (L-L) is achieved through 
the intricate selection of polytropic ligands145-147 capable of directing the formation of the 2D SBLs 
and cross-linking the layers. The distance between the layers is modified by synthesizing a longer 
ligand than the original pillar using organic synthesis. In order to target sql and kgm SBLs, for 
example, the ligand has to contain at least two bridging moieties (i.e, isophthalates) which 
coordinate to metal square MBBs. The pillaring core of the ligand is selected depending on the 
overall targeted topology (i.e, linear core, quadrangular core, tetrahedral core, octahedral core) and 
synthesized through conventional organic chemistry. Also, the pillaring core of the ligand can be 
easily functionalized for specific applications such as gas affinity and selectivity 158-160 (Figure 
1.11).  
In this work, we have reported the synthesis and analysis of pillared MOFs through the 
Ligand-to-Ligand method, where we have designed and controlled the overall topology of the 3D 
framework. We have chosen specific ligands which have the necessary bridging isophthalate 
moieties to control and direct the targeted 2D SBL while having the right core to covalently link 
adjacent layers. From chapter 2 to chapter 4 of this dissertation, all the compounds were designed 
and synthesized at the University of South Florida under the supervision of Dr Mohamed Eddaoudi 
and were characterized either at the X-ray facility at USF or were sent to Synchrotron at the Argon 
National lab in Chicago. Some of the work reported in chapter 5 was analyzed at OakRidge 
National lab in Tennessee.  
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Figure 1.11: Schematic of Ligand-to-Ligand pillaring of sql-SBLs (Top), and examples of the 
tetracarboxylic acid ligands used for this type of pillaring. 
1.3. Topological Analysis of MOMs 
 Part of the prediction and design of MOMs is to target a specific topology161-163 and 
therefore a specific net (i.e, (3,4)-connected tbo-net, (3,24) connected rht-net). Topological 
determination of a framework was detailed by Wells who described nets in terms of nodes and 
spacers.164-165 A framework is claimed to be periodic when it can be translated in an infinite manner 
along n-independent directions. Topological descriptors are used to describe MOMs and determine 
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each framework’s unique “fingerprint”. Geometrical fingerprint of a framework is resolved 
through a set of coordination sequence numbers and vertex symbol which are unique to each 
net.188-190 For each n-coordinated node, there are N=n(n-1)/2 associated angles. For instance, the 
twisted boracite (tbo) topology is a binodal net with two types of nodes; 3-coordinated node and 
4-coordinated node. The 3-coordinated node has three angles associated to it and the 4-coordinated 
node has six angles. Each net is also uniquely described by point (Schlafli) symbols and vertex 
symbols (O’keeffe). These symbols are resolved depending on i) the size and ii) the number of 
cycles (point (Schlafli) symbol) and rings (vertex symbol) that meet at a certain vertex. The point 
(Schlafli) symbol is represented by a general expression Aa Bb…Nn, where “A, B,.., N” correspond 
to the size of the shortest cycle at each angle, while superscripts “a, b,…, n”, correspond to the 
number of such cycles. For example, the 3-coordinated node in tbo-net has a point symbol of 63 
which means that the shortest cycle is 6 and there are 3 of them at each 3-coordinated vertex. The 
4-coordinated node, has a point symbol of 62 .82 .102 which corresponds to three types of cycles 
(6,8,10) at each 4-coordinated vertex and there are 2 of each type of cycles. A more elaborate 
description of the net is illustrated by extended point symbol and vertex symbol. The extended 
point symbol describes the size and number of cycles at each angle of a certain vertex while the 
vertex symbol describes the size and number of rings (a ring is the shortest cycle or closed circuit 
that is not the sum of two smaller cycles (it does not allow shortcuts) at each angle of a certain 
vertex. Therefore, the difference between extended point symbol and vertex symbol lies in the 
consideration of cycles versus rings. The general expression is denoted as AaBb…Nn, where A, 
B,…,N represent the sizes of the smallest cycle (extended point symbol) and ring (vertex symbol) 
at an angle; a, b,…,n are the numbers of these rings or cycles. In the case of tbo net, the extended 
point symbol of the 4-coordinated node is 6.6.6 and the extended point symbol of the 4-coordinated 
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node is 62.62.82.82.104.104.The point(Schlafli) symbol of the tbo net is represented as 
{62.82.102}3{6
3}4 as the stoichiometry of the net is (3-coordinated)4 (4-coordinated)3. The vertex 
symbol of the 4-coordinated node is represented as 62.62.82.82.122.122. 
One more descriptor of a net is the sequence number of each vertex as it describes the 
infinite extension of the net based on that specific connectivity (sequence), where the sequencing 
of adjacent vertices is considered. For example the 3-coordinated vertex of the tbo-net has a 
sequence number of 3, 9, 15, 33, 45, 82, 90, 153, 150, 241 which corresponds to that each 3-
connected node is linked to 9 nodes which is further extended to 15 nodes, and so on. The 4-
connected node of the tbo-net has a sequence number of 4, 8, 20, 30, 60, 68, 120, 126, 200, 180. 
As these symbols (point and vertex) and sequence numbers are unique to each net, O’keeffe has 
developed a database, RCSR database166, with the most occurring nets and assigned a three letter 
code for each net (i.e, tbo for twisted borocite, dia for diamond nets). 
The design of periodic materials and their synthesis is controlled by targeting nets with 
manageable and facile to access topologies. In addition to the sequence number and the vertex 
symbol, a net has transitivity correlated to it. Transitivity represents the regularity of a certain net 
and is expressed by four numbers as pqrs; p represents the number of vertices, q the number of 
edges, r the number of faces, and s the number of tiles where a tile is defined as a polyhedron that 
contains at least two edges that meet at each vertex and two faces that meet at each edge111, 113. 
The lower the number in the pqrs sequence, the more regular the net, and therefore, the net is easier 
to target and control synthetically. A net is regarded vertex and edge transitive when p and q are 
of 1 kind. For periodic 0-, 1-, 2-D nets, the transitivity is reported as pqr. For example, sql has a 
111 transitivity which means that the 2D square lattice has one kind of vertex, one kind of edge 
and one kind of face while kgm has 112 transitivity (2 types of faces; hexagonal and triangle). The 
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3D tbo-net has a transitivity of 2123 as it is a binodal net (3,4-connected), edge transitive, has two 
types of surfaces, and three types of tiles.167-170  
In summary, the design and synthesis of functional metal organic materials is impactful 
and accurate when studying and implementing the correlation between the topological descriptors 
presented in this section and the synthetically targeted materials.  
1.4. Characterization of MOMs 
1.4.1. Single Crystal X-ray Diffraction (SCD) 
In 1895, Dr W.C. Rontgen detected and documented electromagnetic radiation which is 
known today as X-rays.171 The discovery of X-rays has paved and shaped the way scientists 
characterize certain compounds and structures, particularly crystalline materials. When X-rays are 
fired through matter, a clear image of the densest entity is collected. For the characterization of a 
crystalline sample, X-rays are projected through a sample to generate a diffraction pattern.172 
Depending on the angle and intensity of the diffractions, a three dimensional image of the crystal 
is constructed. Diffraction patterns and ultimately the three dimensional image of a crystal was 
significantly improved when computers were introduced and better X-ray sources were utilized.  
X-ray crystallography is the study of the diffraction patterns collected in order to construct 
a 3D image of the sample using specific descriptors. These descriptors are used throughout this 
dissertation in order to characterize all compounds along with other characterization methods (i.e., 
powder diffraction patterns). A crystal structure is delineated by a point lattice which is defined by 
specific parameters; angles (α, β, and γ) and dimensions (a,b, and c). The smallest repeating unit 
which ultimately constructs the lattice of a crystal using the latter parameters is coined unit cell 
and each unit cell pertains to one of the seven crystal systems (1) cubic, 2) tetragonal, 3) 
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orthorhombic, 4) monoclinic, 5) triclinic, 6) hexagonal, and 7) trigonal). These systems are further 
subdivided into fourteen Bravais Lattices and 230 space groups.173 
1.4.2. Powder X-ray Diffraction (PXRD) 
Solid matter exists in either of the two phases, amorphous or crystalline. Crystalline 
materials are more likely to form as the energy state of an ordered and repetitive (crystalline) 
pattern is lower than the energy state of randomly distributed particles 174. One of the main 
characteristics of crystalline powder is the extension of a long-range order. In other words, 
crystalline powder has a periodic repetition of atoms or molecules in space. Powder X-ray 
diffraction (PXRD) is a technique utilized to measure the intensity of the diffracted X-rays 
launched through a sample and the Bragg angle of the diffractions (2θ).175 In general, powder 
diffraction patterns are reported as a plot in the form of Bragg peaks where the measured intensity, 
Y, is the dependent variable and the Bragg angle is the independent variable, X. The structure of 
a powder diffraction pattern holds three main components which are used to characterize the 
analyzed sample: position, intensity and shape of the Bragg peaks. Each of the three components 
holds information about the crystal structure of the material, and the properties of the sample 
(Table 1.1). Therefore, PXRD is an essential step for the characterization of crystalline materials 
(i.e. MOMs). 
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Table 1.1. Powder X-ray diffraction pattern analysis 
Pattern component Crystal structure Sample properties 
Peak position Unit cell parameters:  
α, β, γ, a, b, c 
Absorption 
Porosity 
Peak intensity Atomic parameters: 
 x, y, z 
Preferred orientation 
Absorption  
Porosity 
Peak shape Crystallinity 
Disorder 
Defects 
Grain size 
Strain 
Stress. 
 
1.4.3. The Cambridge Structural Database (CSD) 
Established in 1965, CSD has become the largest database for small organic and metal 
organic molecules.176 The database software includes applications for search and informational 
retrieval (ConQuest), structure visualization (Mercury), numerical analysis (Vista), and database 
creation (PreQuest). With over 600,000 entries in 2012 (Figure 1.12), CSD has become one of the 
best ways for scientist to search and analyze published crystal structures. With this tool, crystal 
engineers can study and design metal organic frameworks in a more efficient manner.  
Each entry in the database is assigned a six letter code (EFEMUX) with sometimes an extra 
two-digit number (EFEMUX01). Also, database entry is accompanied with bibliographic, 
chemical, and physical property information which enables scientists to study, interpret and 
analyze each crystal structure in a comprehensive way (reaction conditions, bond distances, crystal 
packing and more). The CSD continuously updates entries with new published crystal structures 
(> 40.000 new structures per year) available for visualization and analysis. 
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Figure 1.12: Growth of the Cambridge Structural Database (CSD) since 1970 (Images used with 
permission from the Cambridge Crystallographic Data Centre, 12 Union Rd, Cambridge, CB2 
1EZ, UK) 
1.5. Functionality of MOMs 
Metal organic materials are mainly exploited for their inherent porosity and their extra-
large cavities. They are prime candidates for gas storage, gas separation and gas encapsulation. 
They are also utilized for many other applications such as catalysis177-179, magnetism180-182, sensing 
183, drug delivery 184, and thin film related applications185.  
As heterogeneous catalysts, MOMs have proven their efficacy in one of the two ways: 
catalyst encapsulation inside the pores (i.e, porphyrin encapsulation inside the middle cage of 
HKUST-1) or the synthesis of MOMs using porphyrin analogues as the organic ligand.186 The 
second strategy is more expensive; however, it eliminates the leaching of the catalyst from the 
pores and affords a better control of the catalysis reaction. Our group had published a work based 
on the encapsulation of [H2TMPyP][p-tosyl]4
 inside the alpha cages of rho-ZMOF amenable to 
post-synthesis modifications187 while Dr Shengqian Ma has reported one of the earliest porphyrin 
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based MOMs.188 In both cases, the functional MOMs have been utilized as a heterogeneous 
catalysts for the oxidation of cyclohexane and epoxidation of trans stilbene.(Figure 1.13).  
Drug delivery represents another promising property of certain MOMs where they have 
been used as a transporter and regulator of drug administration. Our group had collaborated with 
Dr Julie P. Harmon in order to run a systematic study on the release of a cationic drug, 
procainamide hydrochloride (PHCl) using rho-ZMOF as our platform. 189 Many other groups have 
investigated the release and delivery of drugs using MOMs as the carrier agent. Gerard Férey and 
al. have reported in Nature Materials the use of iron-based metal organic framework as a plateform 
for efficient controlled delivery of antitumourial and retroviral drugs against cancer and HIV. 190 
Magnetism is another domain where MOMs have shown great potential. The inorganic part 
of MOMs is the main target during magnetism studies as certain metals are paramagnetic. Hence, 
the magnetic centers favor cooperative interactions to generate an overall magnetic moment.  
MOMs used in this field are designed and synthesized in order to increase and optimize these 
interactions at critical temperature, Tc and therefore achieve permanent magnetization at high Tc 
and at zero-field current.191 
Thin film MOMs have been used for optical coatings, quartz crystal-micro-balance 
(QCM)-based sensor, and nanocontainers among other applications. Due to the need of well-
defined and highly porous membranes, MOMs have been used to develop intricate methods of 
film deposition and have shown to yield stable thin films on a number of solid support/substrate.192  
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Figure 1.13: Illustration of the alpha cage in rho-ZMOF encapsulating the porphyrin responsible 
for the catalysis of the cyclohexane oxidation (top). Illustration of the truncated octahedron cage 
of MMPF-3 MOF responsible for the epoxidation of trans Stilbene 
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Gas sorption in MOMs represents the most extensive and comprehensive study of these 
porous materials. Gas separation is one of the prominent properties of MOMs as the control of 
pore size has become effortless and less random. The increasing need to separate methane gas from 
CO2 and other gases has thrown MOMs into a brighter era because of the facile functionalization 
of MOMs both pre- and post-synthetically. We will discuss this aspect of MOMs more extensively 
in Chapter 2 of this work.  
Consequently, the hybrid nature of MOMs has rendered them suitable for a myriad of 
applications from drug delivery to gas separation to catalysis. Efforts are continuously made in 
order to increase the control over the structure-application relationship of MOMs.  
1.6. Zeolites 
Zeolites are purely inorganic porous materials with homogeneously sized and shaped 
pores. They are exploited in catalysis (petroleum cracking) 193, gas storage194, ion exchange (water 
treatment and softening) 195 and many other industrial applications.196-198 They have a major 
economic impact due to their cheap harness and their huge chemical influence in many processes. 
Zeolites are mainly composed of tetrahedral silicone and/or aluminum linked by oxygen atoms at 
145 angle153,199 (Figure 1.14). They are known among crystal engineers for their forbidden 
interpenetration which is a phenomenon that decreases the porosity of materials. 
 
Figure 1.14: Tetrahedral nodes linked by oxygen at an angle of 145o. Green = metal, red = 
oxygen, blue = nitrogen 
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The zeolite database in the IZA website encompasses over 200 zeolite structures with their 
powder patterns and their main characteristics (i.e, ring size, accessible volume, and unit cell).199 
Unfortunately, the atom composition of zeolites (oxygen, aluminum, silicone) limits their pore size 
and their functionalization to small molecules storage and encapsulation (ion exchange is limited 
to ions such as Na+, K+ and Cl-). Therefore, there has been an increase push for the synthesis of 
materials holding the same topology as zeolites yet amenable to functionalization and expansion. 
One of the subclasses of MOMs is the zeolite-like MOMs which have shown great potential for 
gas storage and catalysis. With the increasing grasp and control over the synthesis of the desired 
MOMs using MBBs, SBBs, and SBLs approaches, the design and synthesis of zeolite-like MOMs 
have been more prominent and many structures with zeolite-like topologies have been reported. 
200-203 The use of both inorganic and organic entities along with the employment of extra 
framework components (templates, SDA) has facilitated the construction of zeolite-like MOMs 
with extra-large cavities along with readily functionalization.  
1.7. Rational Design and synthesis of zeolite-like MOMs 
Two of the main coordination characteristics of zeolites are i) the tetrahedrally coordinated 
nodes and ii) the 145 degrees coordination of nodes. Therefore, designing zeolite-like MOMs 
requires the consideration of these criteria. Zeolite-like MOMs (ZMOMs) are a subdivision of 
MOMs that resemble zeolites in topology and function. ZMOMs have extra-large cavities and 
forbidden interpenetration which puts them under the spotlight for multiple applications from 
catalysis to optics to medicine.187,189,204 Hence, the rational design and synthesis of ZMOMs have 
been one of the main focuses of many researchers and crystal engineers. These materials form in 
such manner that interpenetration continues to be a forbidden phenomenon which renders the 
accessibility to their extra-large pores far more desirable due to the high surface area. 
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The construction of ZMOMs has proven to be challenging and interesting as the choice of 
organic linkers and metals needs to be intricate and elaborate. Also, the default net constructed 
from bridged simple tetrahedral nodes is the cubic, dia, 4-connected net which made the use of 
extra framework templates and SDA necessary to direct the construction of the desired zeolite-like 
topology.205,206 Therefore, a multitude of avenues have been explored to avoid the construction of 
the “default net” and to control the conditions and the outcome of the synthesis of MOMs with 
zeolite topologies. Many zeolite-like structures have been reported over the decades; such as lta, 
sod, and rho-like MOMs however only during the latter years that scientists have gained control 
over the rational design of such materials.200-203 Our group has gained large experience and control 
over the synthesis of rho-like MOMs which have shown great potential in a myriad of applications. 
Also, we have designed and constructed isostructural sod-like MOMs which have demonstrated a 
great potential for Hydrogen storage200.  
1.7.1. Construction of rho-like MOMs via Ditopic Nitrogen-donor Ligands 
The rational construction of zeolite-like MOMs consists of choosing metals which 
preferably form a tetrahedral building unit TBU (i.e, indium)200-203,207 and an angular organic 
ligand which directs the topology of the net targeted (i.e, imidazole and pyrimidine carboxylates). 
Also, the choice of templates is crucial to the formation of specific structures. Indeed, our group 
has synthesized the first ever anionic rho-ZMOF through the reaction of Imidazole Dicarboxylic 
acid (HImDC) with indium nitrate and 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine 
(HPP) as a template, {[In48(HImDC)96]
48-}n·{[(HPP)24]
48+(DMF)36(H2O)192}n (Figure 1.15)
203 
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Figure 1.15: Single-crystal structure of rho-ZMOF comprised of (a) eight-coordinated 
InN4(CO2)4 MBB that can be regarded as (b) an InN4 TBU. (Top) Imidazole dicarboxylic acid 
used as the angular expanding ligand. (Bottom) Fragment of rho-ZMOF. Hydrogen atoms and 
guest molecules are omitted for clarity; In =green, C =gray, N = blue, O = red. Orang sphere 
represents the largest sphere that can be fit inside the cage, considering the van der Waals radii. 
 
Each single-indium ion in our rho-ZMOF is 8-coordinated through a bidentate manner to 
the HImDC ligand. The indium node can be regarded as a TBU since the nitrogen-indium 
coordination is directing the topology of the overall structure. rho-ZMOF is composed of the 
zeolite alpha cages, but 8 times larger than the original cages due to the use of HImDC2- as a linker 
instead of the O2- in the inorganic structure. Though other neutral structures having rho topology208 
have been reported, our rho-ZMOF is the only anionic structure which has owned it the attention 
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of many groups for systematic studies189,209 related to multiple applications. Yaghi has also 
reported the synthesis of Zeolitic Imidazole Frameworks (ZIFs) which includes rho, sod, lta, and 
others210. The topology of these materials resembles the inorganic zeolitic structures however their 
cavities and surface area are larger due to the expansion by the angular organic ligand. 
1.7.2. Construction of sod-like MOMs via Ditopic Nitrogen-donor Ligands 
As mentioned earlier, the choice of specific SDAs helps direct the topology of the overall 
structure and helps deviate from the formation of the “default topology”, dia. Indeed, our group 
has constructed sod-like materials through a myriad of reactions including the reaction HImDC 
with indium and in this case imidazole as a template200. We also reported other structures with 
sodolite topology when using different angular ligands such as pyrimidine dicarboxylic acid 
(H2PmDC)
211. The hydro-solvothermal reaction between H2PmDC and indium nitrate yields 
another sod-like ZMOF where the 6-coordinated indium is heterochelated to the ligand to form 
the desired InN4 TBUs and eventually the extra-large beta cages (Figure 1.16).  
An extensive study was done on sod-like ZMOFs where cation exchange was necessary to 
access the extra-large cavities and these materials were proven prominent platforms for hydrogen 
storage.212 Aditionally, ZIFs with sod-like topology have been reported by Wang and co-workers 
where they studies the template influence on directing the desired topology; they stated the 
construction of ZIF-7 and ZIF-9 (sod topology) when toluene is omitted from the reaction.213 
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Figure 1.16: Single-crystal structure of sod-ZMOF comprised of (a) eight-coordinated 
InN4(CO2)4 MBB that can be regarded as (b) an InN4 TBU. (Bottom) Fragment of sod-ZMOF. 
Hydrogen atoms and guest molecules are omitted for clarity; In =green, C =gray, N = blue, O = 
red. Orang sphere represents the largest sphere that can be fit inside the cage, considering the van 
der Waals radii. 
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CHAPTER 2: TBO-MOMS CONSTRUCTED FROM PILLARING SQL-
SBLS 
2.1. Introduction 
Within this dissertation, we demonstrate the different strategies we have recognized and 
implemented toward our plan to rationally construct functional MOMs. Initially, the idea was to 
develop a strategy that will further broaden its parent strategies (MBB, SBB strategies) and target 
MOMs with higher connectivity nets. By researching the repertoire of topologies, we recognized 
several 2D nets which could be used as our building “blocks”, or as we recognize it, our building 
layers to target 3D functional materials. 2D square lattices (sql) are an example of targeted layers 
which readily form in situ given the right ingredients, such as the formation of square paddlewheels 
through the coordination of metals to benzenedicarboxylic acid (BDC). 
 
 
Figure 2.1 Quadrangular core octa-acid ligand and its derivatives used to pillar sql SBLs. (a) 
H8PTetMOI. (b) H12PHexMOI. (c) H8AzoPTetMOI. Hydrogen atoms were omitted for clarity. 
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As mentioned in the introduction chapter above, most readily edge transitive layers are sql 
and kgm layers; they are easily targeted through the assembly of simple 4-coordinated MBBs (.i.e, 
squares and tetrahedra). In this chapter, the focus is on MOMs constructed from bridging sql SBLs 
with quadrangular and organic pillars. The designed ligands are 5,5’,5’’,5’’’-[1,2,4,5-
phenyltetramethoxy]tetra-isophthalic acid (H8PTetMOI) and its derivatives (Figure 2.1). All five 
structures reported in this chapter comprise a tbo topology1 which also exhibits explicit features 
of a potential blueprint net for rational design and directed assembly of MOM platforms. Indeed, 
tbo topology is composed of 2D layers of augmented (4,4) square grid or lattice (sql-a), which are 
bridged by quadrangular pillars (Figure 2.2). Using 2D sql as SBLs to design new platforms was 
recognized early in the quest and used as the foundation of our systematic approach.  
 
 
Figure 2.2: A schematic representation of the 2D (4,4) square lattice pillared by a quadrangular 
core to construct the overall (3,4) tbo MOM. 
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In fact, 2D layered MOMs having sql topology square paddlewheel dimer MBBs 
[M2(O2CR)4(A)2; M = metal, A = axial ligand] bridged by ditopic organic ligands [e.g., 
benzenedicarboxylates (BDCs) such as terephthalate or isophthalate] are readily formed and well-
known. Therefore, employing 2D sql SBLs amenable to pillaring is a noticeable and reliable 
approach for a rational design of functional 3D MOMs. Once, the pillaring approach is established, 
there is a great potential of isoreticular chemistry through expansion and functionalization of the 
pillars. Indeed, the ability of the SBLs to afford possible pillaring sites (Axial-to-Axial, or Ligand-
to-Ligand sites), creates a vast realm of functional 3D MOMs. 
The pillaring method of choice in this chapter is Ligand-to-Ligand pillaring as the designed 
and synthesized octa-acid ligands (H8PTetMOI, H12PHexMOI, H8AzoPTetMOI) are adopted to 
cross-link the sql SBLs. These ligands are targeted for their isopthalate moieties to construct the 
2D layers and their quadrangular cores to construct the 4-connect square pillars. The H8PTetMOI 
ligand affords a quadrangular core which can further be expanded (H8AzoPTetMOI) or 
functionalized (H12PHexMOI) to construct a database of compounds for systematic gas separation 
studies. All three ligands construct the tbo-MOM compounds when reacted with metals amenable 
to form the square paddlewheel MBB (such as Cu, Zn, Co, Y, Yb) while H12PHexMOI ligand 
contributes to the functionalization of the tbo-MOMs. Compounds in this chapter have been 
directed to study the influence of pendant isophthalic acid moieties freely pointing into the cavities, 
they were evaluated on the basis of potential use in methane storage and C2+/CH4 separation. Other 
compounds have shown potential for large molecule encapsulation and drug delivery. 
48 
 
2.1.1. Experimental Section 
Unless otherwise noted, all MOMs discussed in the following chapters were synthesized and 
characterized by Hasnaa Mouttaki in Prof. Mohamed Eddaoudi’s group, Department of Chemistry 
at the University of South Florida according to the following: 
2.12. Materials and Methods 
 All chemicals were used as received from Fisher Scientific, Sigma-Aldrich, and TCI America 
chemical companies. 
Single-crystal X-ray diffraction (SCD) data were collected on a Bruker D8 Venture PHOTON 100 
CMOS system equipped with a Cu Kα INCOATEC Imus micro-focus source (λ = 1.54178 Å) or 
Bruker-AXS SMART-APEXII CCD diffractometer (CuKα, λ = 1.54178 Å)2. Indexing was 
performed using APEX2 (Difference Vectors method)1. Data integration and reduction were 
performed using SaintPlus 6.013. Absorption correction was performed by multi-scan method 
implemented in SADABS4. Space groups were determined using XPREP implemented in 
APEX22. The structure was solved using SHELXS-97 (direct methods) and refined using 
SHELXL-975 (full-matrix least-squares on F2) contained in WinGX v1.70.016 and OLEX2 
programs packages13, and performed by Dr. Lukasz Wojtas in the Department of Chemistry at the 
University of South Florida. Crystallographic tables are included in Appendix A. 
Powder X-ray Diffraction (PXRD) measurements were carried out on a Bruker 
axs D8 Advance with theta-2theta goniometer 50kV, 40mA for CuKα (λ = 1.5418 Å), with a scan 
speed of 1°/min and a step size of 0.02° at room temperature. Calculated PXRD patterns were 
produced using Materials Studio MS Modeling version 4.07. PXRD patterns are included in 
Appendix B. 
The graphical structural analysis was performed using Materials Studio MS Modeling version 4.07 
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Topos8 software was used to evaluate the topological sequences of all compounds; RCSR 
database9 was utilized as primary resource for comparison purposes related to topological analyses. 
For all known topologies, the three-letter symbols code implemented by Prof. Michael O’Keeffe 
(e.g. sql represents a square lattice) is used. 
Tiling representations were evaluated using 3dt software.10 
Total solvent-accessible volumes were determined using PLATON11, 12 software by summing 
voxels more than 1.2 Å away from the framework. 
Thermogravimetric analysis (TGA) was performed on a TA Instruments QC5000 IR with High 
Resolution TGA (Hi-Res TGA) capability. Experiments were performed under a N2 atmosphere 
with balance and sample purge flow rates of 10ml min-1 and 25ml min-1, respectively. Samples  
were placed in a 100µl high temperature platinum crucibles and heated in Hi-Res TGA mode with 
a heating rate of 1ºC min-1, a resolution index of 3 and sensitivity index of 5. High resolution low 
pressure gas adsorption studies were conducted on a fully automated  
micropore gas analyzer Autosorb-1 MP (Quantachrome Instruments) at relative pressures up to 1 
atm. The cryogenic temperature was controlled using a liquid nitrogen and argon bath at 77 K and 
87 K, respectively. The bath temperature for the CO2 sorption isotherms (258 – 328K) was 
controlled using an ethylene glycol circulating bath. High pressure adsorption equilibrium 
measurements of pure gases were performed using a Rubotherm gravimetric-densimetric 
apparatus (Bochum, Germany), composed mainly of a magnetic suspension balance (MSB) and a 
network of valves, mass flowmeters and temperature and pressure sensors. The MSB overcomes 
the disadvantages of other commercially available gravimetric instruments by separating the 
sensitive microbalance from the sample and the measuring atmosphere and able to perform 
adsorption measurements in a wide range of gas pressure from 0 to 20 MPa. The adsorption 
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temperature may also be controlled within the range of 77 K to 423 K. In a typical adsorption 
experiment, the adsorbent is weighed and placed in a basket suspended by a permanent magnet 
through an electromagnet. The cell in which the basket is housed is then closed, and vacuum or 
high pressure is applied. The clean (outgassed) adsorbent is exposed to gas in dynamic (with 
constant rate typically of 50 ml/min) or static modes at constant temperature. The gravimetric 
method allows the direct measurement of the reduced gas adsorbed amount Ω. Correction for the 
buoyancy effect is required to determine the excess adsorbed amount using equation (1) and (2), 
where Vadsorbent and Vss Vadsorbed phase refer to the volume of the adsorbent and the volume of the 
suspension system, respectively. These volumes are determined using the helium isotherm method 
by assuming that helium penetrates in all open pores of the materials without being adsorbed. The 
density of the gas is determined using Refprop equation of state (EOS) database and checked 
experimentally using a volume-calibrated titanium cylinder.  
By weighing this calibrated volume in the gas atmosphere, the local density of the gas is also 
determined. Simultaneous measurement of adsorption capacity and gas phase density as a function 
of pressure and temperature is thus possible. 
The pressure is measured using two Drucks high pressure transmitters ranging from 0.5 to 34 bar 
and 1 to 200 bar, respectively, and one low pressure transmitter ranging from 0 to 1 bar. Prior to 
each adsorption experiment, about 200 mg of sample is outgassed at 473 K at a residual pressure 
of 10-6 mbar. The temperature during adsorption measurements is held constant by using a 
thermostat-controlled circulating fluid. 
 
 
                  Ω= mabsolute −ρgas (Vadsorbent +Vss +Vadsorbed phase)         (1) 
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                                    Ω= mexcess −ρgas (Vadsorbent +Vss)                           (2) 
 
 
The pressure is measured using two Drucks high pressure transmitters ranging from 0.5 to 34 bar 
and 1 to 200 bar, respectively, and one low pressure transmitter ranging from 0 to 1 bar. Prior to 
each adsorption experiment, about 100 mg to 300 mg sample is outgassed at 433 K at a residual 
pressure 10-4 mbar. The temperature during adsorption measurements is held constant by using a 
thermostated circulating fluid. 
In this dissertation, the Toth model was used to fit the pure gas isotherms because of its suitable 
behavior at both low and high pressure and its simple formulation as expressed by the following 
equation (Toth, 2002)14 
 
 
  (3) 
 
 
where n is the amount adsorbed, ns is the amount adsorbed at saturation, P is the equilibrium 
pressure, K is the equilibrium constant, and m is a parameter indicating the heterogeneity of the 
adsorbent. 
The Ideal Adsorption Solution Theory (IAST) proposed by Mayer and Prausnitz (1965)15 uses 
pure gas adsorption isotherms to predict the mixture adsorption equilibrium at the temperature of 
interest. For IAST application, the main condition to be fulfilled is the availability of (i) good 
52 
 
quality single component adsorption data of different gases, and (ii) an excellent curve fitting 
model for such data (Chen and Sholl, 2007;16 Bae et al., 200817). In the current work, MSL and 
DSL models were used to fit the pure gas isotherms, as mentioned earlier. The most important 
equations used in the IAST calculation are listed hereafter:  
 
 
      (3) 
    (4) 
     (5) 
     (6) 
 
 
Where fi is the fugacity of component i in the gas phase;   is the standard-state fugacity (i.e., the 
fugacity of pure component i at the equilibrium spreading pressure of the mixture, π); xi and yi are 
the mole fractions of component i in the adsorbed and gas phase, respectively; A is the surface 
area of the adsorbent; ni is the number of moles adsorbed of pure component (i.e., the pure 
component isotherm); and is the number of moles adsorbed of pure component i at the standard-
state pressure.  
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Equation 3 is the central equation of IAST, specifying the equality of the chemical potential of 
component i in the gas and the adsorbed phase (which is assumed to be ideal in the sense of 
Raoult’s law). Equation 4 allows the calculation of the spreading pressure from the pure-
component adsorption isotherm. The total amount adsorbed of the mixture, nt , and the selectivity 
of CO2 with respect to i, SCO2-i , are given by equations 5 and 6, respectively. The selectivity, SCO2-
i, reflects the efficiency of CO2 separation. 
2.2. Experimental Section 
Preparation of 5,5',5'',5'''-[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-
benzenedicarboxylate tetramethyl ester: The product was synthesized according to a modified 
procedure from the literature18 In a typical reaction, (12.7g, 0.06mol) of dimethyl 5-
hydroxyisophthalate was dissolved in DMF (250mL). A catalytic amount of KI (74.0mg, 4.40mol) 
was added to the solution followed by K2CO3 (26.0g, 0.260mol). The solution was then heated to 
100oC for 1 hour. 1,2,4,5-tetrakis(bromomethyl)benzene (2.88g, 0.008mol) was dissolved in DMF 
(10mL), added dropwise to the mixture and heated at 100oC for an additional hour and then cooled 
to room temperature. Approximately 800mL of water was added to the solution to produce a white 
precipitate which was filtered, washed thoroughly with ice cold water and air-dried (6.0g, 96.9%). 
Note: No further purification is required. 
 
Figure 2.3: Synthetic strategy followed for the preparation of 5,5',5'',5'''-[1,2,4,5-
benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-benzenedicarboxylate tetramethyl ester. 
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Preparation of 5,5',5'',5'''-[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-
benzenedicarboxylic acid (H8PTetMOI): In a typical hydrolysis reaction, the tetramethyl ester 
was added to a round bottom flask containing methanol (250 mL). An aqueous NaOH solution (6g 
in 60mL H2O) was added to this mixture and then refluxed at 50
oC/12h. The solution was acidified 
to pH = 1 using concentrated HCl (15N). The precipitate was separated by filtration, washed with 
cold H2O and air-dried to yield 5.0g (91.4%). Note: No further purification is required. 
Preparation of 5,5',5'',5''',5'''',5'''''-[1,2,3,4,5,6-benzenetetraylhexakis(methyleneoxy)]hexa-
1,3-benzenedicarboxylic acid (H12PHexMOI). A similar procedure was used to synthesize 
H12PHexMOI, replacing 1,2,4,5-tetrakis(bromomethyl)benzene with 1,2,3,4,5,6-
hexakis(bromomethyl)benzene, and using excess dimethyl 5-hydroxyisophthalate. (5.0g, 88.8%). 
Note: No further purification is required. 
Preparation of 5,5',5'',5'''-[1,2,4,5-benzenetetrayltetrakis(4-methyleneoxyphenylazo)]tetra-
1,3-benzenedicarboxylic acid (H8AzoPTetMOI). A similar procedure was used to synthesize 
H8PTetMOI, replacing dimethyl 5-hydroxyisophthalate with dimethyl 5-(4-
hydroxyphenylazo)isophthalate. Dimethyl- 5-(4-hydroxyphenylazo) isophthalate was synthesized 
according to literature methods19  (4.0g, 49.2%). Note: No further purification is required. 
 
 
Figure 2.4: Synthetic strategy followed for the preparation of Dimethyl- 5-(4-hydroxyphenylazo) 
isophthalate. 
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Synthesis of [Cu4 PTetMOI (H2O) 4·xsolv]n, 1 
H8PTetMOI (0.034mmol, 29mg) and Cu(NO3)2.2.5H2O (0.07mmol, 16mg) were dissolved in 3mL 
of DMF, 2mL of H2O, 0.5mL pyridine, and 1mL of HNO3 (3.5M in DMF). The vial was sealed 
and placed in an oven at 115°C for 3 days. The as-synthesized blue/green parallelogram crystals 
are insoluble in water and common organic solvents.  
Synthesis of [Co4 PTetMOI(DMF) 4·xsolv]n, 2 
H8PTetMOI(0.034mmol, 29mg) and Co(NO3)2.6H2O (0.07mmol, 20mg) were dissolved in 2mL 
of DMF, 1mL of DMSO, 1mL of Ethanol, 1mL of acetonitrile, , and 0.5mL of HNO3 (3.5M in 
DMF). The vial was sealed and placed in an oven at 115°C for 3 days. The as-synthesized dark 
purple parallelogram crystals are insoluble in water and common organic solvents. 
Synthesis of [Zn4 PTetMOI (H2O) 4·xDMSO]n, 3 
H8PTetMOI(0.034mmol, 29mg) and Zn(NO3)2.6H2O (0.07mmol, 20mg) were dissolved in 2mL 
of DMF, 1mL of DMSO, 1mL of Ethanol, 1mL of acetonitrile, , and 0.5mL of HNO3 (3.5M in 
DMF). The vial was sealed and placed in an oven at 115°C for 3 days. The as-synthesized clear 
parallelogram crystals are insoluble in water and common organic solvents. 
Synthesis of [Cu4 AzoPTetMOI (H2O) 3(DMF)·xsolv]n, 4 
H8AzoPTetMOI (0.034mmol, 40mg), Cu(NO3)2.2.5H2O (0.07mmol, 16mg) were dissolved in 
1mL of DMF, 0.5mL pyridine, 1mL of H2O, and 1mL of HNO3 (3.5M in DMF). The vial was 
sealed and put in the oven at 115°C for 3 days. The as-synthesized green parallelogram crystals 
are insoluble in water and common organic solvents. 
Synthesis of [Cu4(H4PHexMOI)(H2O)x(DMF)x·xsolv]n, 5 
H12PHexMOI (0.034mmol, 42mg) and Cu(NO3)2.2.5H2O  (0.07mmol, 16mg) were dissolved in 
3mL of DMF, 1mL of H2O, 0.5mL pyridine, and 1mL of HNO3 (3.5M in DMF). The vial was 
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sealed and placed in an oven at 115°C for 3 days. The as-synthesized blue/green parallelogram 
crystals are insoluble in water and common organic solvents 
2.3. Results and Discussion 
H8PTetMOI, H8AzoPTetMOI, and H12PHexMOI represent organic linkers chosen for their 
potential to pillaring20 while generating 2D SBLs. Each ligand encompasses an ether linkage which 
allows flexibility of the pendant BDC arms positioned in a square like geometry and retain their 
ability to freely form the intended SBL. The reaction of these ligands with a specific type of metals 
which generate specific types of geometries allowed the formation of the targeted tbo-MOMs 
(Figure 2.5).  
 
 
Figure 2.5: Construction of tbo-MOMs (bottom) using H8 PTetMOI (top right) and 
[M2(O2CR)4]; M=Cu, Co, Zn, etc. (top left). Hydrogen atoms and solvent molecules are omitted 
for clarity. Yellow ball represents the cavity volume including vdw interactions. 
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The sql topology is based on 4-connected MBBs such as metal square paddlewheels 
M2(O2CR)4(A)2 [M = metal, A = axial ligand] which makes targeting metals capable of forming 
square MBBs crucial. All three ligands reported in this chapter have been designed and synthesized 
to hold the basic ditopic functionalities ( i.e isophthalate/BDC) essential to form the square 
paddlewheel when reacted with particular metals (i.e copper, cobalt, zinc,etc). Additionally, theses 
ligands have a quadrangular core which serves as a pillar to target the desired 3D tbo-MOM. 
 
Figure 2.6: Construction of sql SBL using square MBBs, [M2(O2CR)4]; M=Cu, Co, Zn, etc. 
Hydrogen atoms and solvent molecules are omitted for clarity. 
 
Accordingly, the reaction between H8PTetMOI and Cu(NO3)2.2.5H2O in a DMF/H2O 
solution, under mild conditions, results in blue plate like crystalline material, characterized and 
confirmed by X-ray diffractions as [Cu4PTetMOI(H2O)4.(solvent)]n, 1. The resulting structure of 
1 can be viewed as a pillared sql-MOM based on PTetMOI cores substituting the interlayer 
quadrangles and essentially pillaring 2D Cu-(5-R-isophthalate) sql SBLs. Similarly, 1 is a 3D 
MOF wherein each PTetMOI core serves as a 4-connected node, each 5-R-isophthalate moiety as 
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a 3-connected node, and each Cu2(O2CR)4 paddlewheel cluster as another 4-connected node. 
Topological analysis of the resultant (3,4)-connected net reveals that the topology of 1 corresponds 
to the targeted tbo. 
Alternatively, 1 can be interpreted as a polyhedral MOF comprised of 3 types of cages; 
truncated cuboctahedra, truncated cubes, and truncated tetrahedra. The truncated cuboctahedra are 
constructed through 24 functionalized isophthalate ligands connected by eight Cu2(O2CR)4 
paddlewheels and four PTetMOI benzene cores. The packing of the cuboctahedra intrinsically 
generates the other 2 cages where the truncated cuboctahedra cages are surrounded by six truncated 
cubes and eight truncated tetrahedra (Figure 2.7). 
 
 
Figure 2.7: Construction of tbo-MOMs (bottom) using PTetMOI (top right) and [M2(O2CR)4]; 
M=Cu, Co, Zn, etc. (top left). Hydrogen atoms and solvent molecules are omitted for clarity. 
Yellow ball represents the cavity volume including vdw interactions. 
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Compound 1 exhibits permanent porosity which is confirmed by the reversible type I 
Argon isotherms characteristic to microporous materials. Gas sorption studies were conducted on 
a fully evacuated compound after exchanging the guest molecules in 1 with CH3CN for 5 days 
(Figure 2.8). The surface area estimated from Argon isotherms is 2896 m2/g and the pore size 
distribution analysis reveals three types of cages which correspond to the truncated tetrahedron, 
truncated cube, and truncated cuboctahedron. 
 
 
Figure 2.8: Argon sorption isotherms for 1 and 5 collected at 87K. 
 
Compound 2 crystallizes into dark purple parallelepipeds upon heating a 
DMF/H2O/CH3CN/DMSO/EtOH solution of H8PTetMOI and Co(NO3)2.6H2O. Crystal structure 
of 2 was characterized and confirmed by X-ray diffractions as [Co4PTetMOI (H2O)4.(solvent)]n, 
2. Analysis of 2 matches the targeted tbo-MOM which further enhances our strategy. The Co-(5-
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R-isophthalate) portion formed the expected sql SBLs which are bridged by the quadrangular core 
of H8PTetMOI. The Co2(O2CR)4 paddlewheel
21 cluster forms the 4-connected node similar to its 
isostructural compound 1. Yet less stable than the copper paddlewheel, the cobalt paddlewheel is 
a suitable structure to target for less stable functional MOMs (i.e, biodegradable MOMs22, easily 
degradable drug carrier MOMs23).  
Similarly, compound 3 was targeted for the aptitude of zinc metal to form the Zn2(O2CR)4 
paddlewheel cluster24. Indeed, the reaction of H8PTetMOI and Zn(NO3)2.6H2O in a solution of 
DMF/H2O/CH3CN/DMSO/EtOH results in parallelepipedic colorless crystals. Characterization of 
3 by X-ray powder diffractions confirms its isostructural properties to 1 and 2. Single crystal X-
ray diffractions establish 3 as [Zn4PTetMOI(H2O)4.(solvent)]n. Topological evaluation further 
reveals compound 3 as a (3,4)-connected net with tbo topology.  
 
          
Figure 2.9: Representation of truncated cuboctahedron in 2 (a), and 3 (b). Hydrogen atoms were 
omitted for clarity. 
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The study of compounds 2 and 3 shows solvent stabilization of the metal paddlewheels. In 
compound 2, DMSO molecules are stabilizing Co-paddlewheel through hydrogen bonding while 
DMF molecules are coordinated to the axial position of the Zn-paddlewheel in 3. Due to these 
stabilization conditions, both compounds collapse upon solvent removal, therefore, compound 2 
and 3 are better suited for applications performed in situ.  
All three compounds (1, 2, 3) are isostructural compounds targeted for the ability of copper, 
zinc, and cobalt metals to form in situ 4-connected paddlewheel cluster nodes which sets the 
ground to form the 44 square lattice SBLs. Thus, the ability to generate [M(RBDC)]n SBLs 
consistently in situ and space them using organic quadrangular pillars permits the preservation of 
the SBLs while functionalizing and/or unilaterally enlarging the quadrangular pillars. The pillaring 
method used in 1, 2, and 3 is the L-L method as the layers are linked through the PTetMOI ligand. 
As mentioned in the introduction chapter above, the L-L method affords the ability to design and 
construct isoreticular functional MOMs using the one-pot technique. In other words, specific 
ligands are selected/designed to simultaneously contain two bridging ligand moieties (i.e, di-
isophthalate) that pillar neighboring layers through the covalent linkage within the organic ligand.  
In this context, H8AzoPTetMOI is an organic linker with a larger quadrangular core which 
we use to target an isoreticular tbo-MOM, 4. The isophthalate moieties and benzene core of 
PTetMOI are kept intact but the length of the interlayers is extended by using 4-hydroxyphenyl-1-
diazene moieties as the linker (Figure 2.2.) 
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Figure 2.10: Illustration of 2D sql SBLs pillared through H8PTetMOI ligand. 
 
In addition, due to the formation of truncated cuboctahedron cages (Figure 2.8), among 
two others, 1, 2, and 3 could also be viewed as linked (i.e. face-shared 4MRs) truncated 
cuboctahedra. The packing of these face-shared (4MR) truncated cuboctahedral cages (also 
sometimes referred to as rhombicuboctahedra) results in the formation of inter-polyhedra cavities 
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delineating two other cage types, truncated cubes and truncated tetrahedra, which results in a 
polyhedral-based MOF that could be considered as having a hal-like topology (Figure 2.11).  
 
 
Figure 2.11: Representation of hal-net tilling 
 
Successfully, compound 4 forms upon heating a DMF solution of H8AzoPTetMOI and 
Cu(NO3)2.2.5H2O, resulting in green plate-like crystals. X-ray characterizations confirmed 
compound 4 to be [Cu4 AzoPTetMOI (H2O) 3(DMF)·xsolv]n. Topological studies proves that 
compound 4 also holds the tbo topology. Further analysis shows that compound 4 consists of the 
same cages as 1 yet larger as a result of the ligand extension. The extra-large truncated 
cuboctahedra in 4 are more like nanocapsules (Figure 2.13) as their diameters are up to 29.445 Å 
x 18.864 Å (26.045 Å x 15.464 Å including vdw radii). The truncated cubes have diameters of 
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28.682 Å (height) and 15.612 Å (width) (25.282 Å x 12.212 Å vdw), and the truncated tetrahedra 
have diameters of 26.499 Å (height) and 9.081 Å (width) (23.099 x 5.681 Å vdw). 
 
 
Figure 2.12: (Left) Nitrogen sorption isotherms for 4 collected at 77K (the sample was degassed 
at room temperature before sorption). (Right) TGA analysis of acetone exchanged compound 4. 
 
Gas sorption experiments conducted on 4 show permanent porosity with some hysteresis 
due to the large nanocapsules. The integrity of the framework is maintained upon solvent removal 
and heating up to 250oC as shown by TGA analysis of 4 (Figure 2.12).  
 
 
Figure 2.13: Schematic representation of the nanoball in 1 and nanocapsule in 4. 
 
65 
 
For a complete study and for the implementation of our SBL strategy, we designed our 
third ligand, H12PHexMOI, to target the synthesis of the 2D sql SBLs pillared with functionalized 
quadrangles.  Theoretically, the extra isophthalates on PTetMOI can coordinate to the metal cation 
and direct a different network. Fortunately, the solvothermal reaction of H12PHexMOI with 
Cu(NO3)2.2.5H2O in a solution of DMF/H2O yields blue plate-like crystals. Crystallographic 
studies established compound 5 as [Cu4(H4PHexMOI)(H2O)x(DMF)x·xsolv]n, 5. Compound 5 is a 
MOF analogous to 1 wherein the two added pendant isophthalate moieties on the ligand freely 
point into the generated cavities with no metal coordination (Figure 2.14).  
 
 
 
Figure 2.14: Representation of the largest cage in 5 in which the PHexMOI ligand offers pendant 
groups for functionalization. 
 
Compound 5 exhibits permanent porosity which is confirmed by the reversible type I 
Argon isotherms characteristic to microporous materials. Gas sorption studies were conducted on 
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a fully evacuated compound after exchanging the guest molecules in 5 with chloroform for 5 days 
(Figure 2.8). We also sought to compare compounds 1 and 5 as the latter is a functionalized version 
of the first. Further experiments based on multiple gas sorption and separation show that 1 exhibits 
higher uptake of most gases than 5 at moderate pressures (up to 4 bars) , however 5 is more 
selective for C2+/CH4 separation (Figure 2.15). 
 
 
Figure 2.15: (Left) gas uptake in 1, (right) gas uptake in 5 
 
As expected, the functionalization with the pendant isophtalic acids has lowered the surface 
area and pore volume of 5 compared to the parent compound 1 (1386 m2/g and 0.41 cm3/g for 
compound 5 compared with 2932 m2/g and 1.02 cm3/g for 1) as determined by Ar isotherms at 
87K (Figure 2.8). The gas uptake of 5 is therefore much lower than the uptake of 1 as shown by 
methane (CH4), ethane (C2H6), ethylene (C2H4), propane (C3H8) and propylene (C3H6) isotherms 
at moderate pressures (Figure 2.15). Consequently, compound 1 shows a better potential for gas 
storage while the functionalization with isophthalic acids has expectedly lowered the porosity of 
5. 
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The steeper isotherms of 5, however, shows higher interaction of these gases with 
compound 5 than that with compound 1. So, we further test the interaction and uptake of CO2 by 
both compound 1 and 5 at low pressures. As anticipated, the free carboxylic acids exposed in the 
pores in 5 enhance the energetics of CO2 sorption. Indeed, 5 exhibits higher CO2 Qst than 1 (35.2 
vs 29.7 kJ mol-1) over the entire studied range which is due to the strong interaction between CO2 
and the carboxylic acids (inset of Figure 2.16); the Lewis base nature of CO2 is known to induce 
such drastic interactions25. The uptake of CO2 gas at 258K was higher in 5 up until it reached 
8.5mmol/mmol and it reversed to a maximum uptake of 9.7mmol/mmol for 5 and 10.1mmol/mmol 
for 1 at 1bar (Figure 2.16). 
 
Figure 2.16: CO2 isotherms for 1 and 5 at 258K, and (inset) isostheric heat of adsorption (Qst) 
for CO2 in 1 and 5 
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In order to evaluate the effect of isophthalic acid functionalization of 1 on other gas 
separation properties (e.g., C3H8/CH4), ideal adsorption solution theory (IAST) analysis was 
applied to the single gas adsorption data of C3H8, C3H6, C2H6, C2H4, CH4, and CO2, making use 
of the Toth model for best fitting (Table 2.1). The equilibrium constant K indicates the strong 
interaction of C2+ gases with framework of 5 (X10) compared to the gas interaction with 1 
(K=65.2091atm2 of propane in 5 and K=6.9220 atm2 in 1). The use of IAST is justified for 
compounds 1 and 5, as the platform is an ideal system due to its chemical and its structural 
homogeneity. 
Table 2.1 Toth parameters for gas adsorption in 1 and 5 
 
Parameters 
Gases 
CH4 C2H6 C2H4 C3H6 C3H8 
C
o
m
p
o
u
n
d
 1
 
ns 28.4420 12.0384 20 12.3153 10.4040 
K 0.0869 0.51441 1.0258 12.8020 6.9220 
m 0.5113 1.6757 0.5358 0.71738 1.2296 
C
o
m
p
o
u
n
d
 5
 ns 5.4277 5.4256 6.3450 5.9300 5.2637 
K 0.1275 2.3898 2.0544 56.8600 65.2091 
m 0.9822 0.7827 0.6599 0.4500 0.9161 
 
 Interestingly, compared with the parent material, a significant development was observed 
in C3H8/CH4, C2H6/CH4, C3H6/CH4, and C2H4/CH4 selectivities for compound 5 (Figure 2.17).The 
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pendant isophthalate moieties increase the interaction between C2+ gases and the framework of 5 
due to their high polarizability and low boiling point.  
 
Figure 2.17: IAST prediction of selectivity as a function of pressure at 298K: (top left) 
C3H8/CH4: 5%/95%, (top right) C2H6/CH4: 5%/95%, (bottom left) C3H6/CH4: 5%/95% and 
(bottom right) C2H4/CH4: 5%/95% 
 
Overall, the results reported in this chapter indicate that, in terms of the separation factor, 
the use of the isophthalic acid functionalized analogue, compound 5 is more effective for the 
removal of C2+ gases from methane in CO2-containing environments. From these comparative 
experiments we recognized that functionalizing the pores should be dependent on the specific 
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application of MOMs (gas storage vs. gas separation), indicating the prominence of designing 
suitable substrates for the right application. 
2.4. Summary 
The work accomplished in this chapter represents the first steps toward design and 
synthesis of MOMs by implementing the SBL approach. Targeting specific 2D Supermolecular 
Building Layers allows us to control the desired end topology of our MOMs through pillaring. 
Indeed, the process of pillaring is of interest since it allows the construction of 3D functional 
MOMs suitable for a myriad of applications. Pillaring also allows isoreticular chemistry to give a 
wide range of functional materials with different interlayer distances, multitude of pore sizes, and 
functionalities depending on the nature of the pillar linker employed; such is the case of 
compounds 1-5 in this chapter. Also, our approach allows the adoption of diverse metals capable 
of forming the targeted MBB (i.e, square paddlewheel MBB) to construct a large realm of MOMs 
for even vaster purposes. 
Our strategy has allowed us to construct porous MOMs which were utilized to study the 
influence of the framework functionalization on CO2 sequestration (environmental intent) and CH4 
purification (industrial target). We have uncovered the ability of isophthalic acids in 5 to increase 
the gases selectivity and affinity to the framework while 1 keeps its lead in gas storage and high 
surface area. Contingent to the targeted application, we have implemented our newly proposed 
SBL approach and we have designed and synthesized pliable MOMs to answer some of the current 
industrial and environmental concerns.  
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Figure 2.18: Illustration of the potential of functional tbo-MOMs toward a greener environment 
 
Once we recognized the versatility of the 2D SBLs, we investigated different type of 2D 
layers and their ability to pillaring through different types of ligands. We also investigated the 
ability of targeted metal ions to direct the formation of specific 2D SBLs and therefore the 
construction of desired 3D MOMs. We, therefore, have constructed MOMs with topologies (tbo-
net, mmm-net, etc) directed by the type of 2D SBLs targeted and by the type of core implemented 
for pillaring (square, tetrahedral, octahedral, etc). We also investigated their thermal stability, their 
porosity and their gas storage and separation.  
Chapter 3 illustrates the results of designing a step-by-step strategy toward the construction 
of novel functional MOMs by targeting different types of SBLs such as 2D (4,4) tetrahedral lattices 
and different types of pillars such as 4-connected tetrahedral pillars. 
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CHAPTER 3: STEP-BY-STEP STRATEGY TO UNLOCK NEW MOM 
TOPOLOGIES 
3.1. Introduction 
The SBL approach employed in Chapter 2 to generate new platform 3D MOMs, tbo-
MOMs (from quadrangular pillared SBLs), is utilized in this chapter as a footing cornerstone in a 
step-by-step strategy to unlock a realm of related MOM platforms (Figure 3.1).Indeed, the focus 
of this chapter will be put on structures constructed from H12PHexMOI and specific metals 
(lanthanides, zinc, and indium) to direct the construction of targeted topologies and functional 
materials. In this chapter, we synthesize new materials holding new functions /characteristics, 
which can lead to a vast potential of applications like gas separation, catalysis, etc. Using metals 
capable of forming different types of MBBs helped shape our strategy and therefore synthesize 
new materials. Replacing 4-connected square pillar in tbo-MOM with a 4-connected tetrahedral 
pillar allowed the first transition to the mmm-MOM1. Switching the square based sql SBL to a 
tetrahedral based sql SBL while keeping the square pillar allowed the second transition to a 
compound holding a new topology according to TOPOS4, we imagined eed-MOM. Finally, we 
recognized that switching all 4-connected nodes to 4-connected tetrahedral nodes should allow the 
construction of the last topology of this stratagem, (3.4)-connected bor MOM1. After study of the 
bor net, we expect the structure to be negatively charged considering the type of metals capable 
of forming such nodes. The latter means that the use of templates/SDA is necessary for the 
synthesis of such structure.  
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Figure 3.1: Step by step design and transition from (a) tbo-MOM to (b) mmm-MOM to (c) eed-
MOM to (d) bor-MOM. Blue: square MBBs. Red: triangular MBBs. Green: Tetrahedral MBBs. 
 
Our SBL layering strategy allows the target of 2D networks which are further pillared to 
form 3D materials. In the context of MOMs, layered networks have been of desire as they are 
naturally more complex than 1D networks, and more pliable to form diverse stacking motifs and 
to generate a multitude of channels and cavities which will have a broad and profound impact on 
the properties of the overall material (e.g. porosity, stability, and magnetism). These 2D networks 
are also amenable to pillaring which further affords new sites for functionality and new loci to 
extend the framework in additional directions. The two spatial orientation of layered structures 
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promotes the formation of n-connected nodes where n is higher than 2. This characteristic 
facilitates the formation of diverse MBBs as nodes with distinct properties.  
Layers have a distinct property that allows the modification of the interspatial distance by 
integrating guest molecules. These molecules can be incorporated into the overall structure (i,e. 
pillars) and control the type and the distance of the interlayer spacing and therefore control the 
functionality and the composition of the framework. Hence, the pillaring strategy of 2D layers can 
provide an effective strategy to control the topology and optimize the porosity of MOMs. In this 
chapter, we demonstrate the ability of pillaring layered structure to control the final 3D structure 
and to construct functional materials. Indeed, our step-by-step strategy has enabled us to target 
several structures and to perform a systematic study on the porosity of these materials. 
3.1.1. Topological Outlook on 2D sql Layers 
As mentioned in Chapter 1, the transitivity of 2D structures are represented by pqr 
sequence. The lower the number of transitivity the simpler and facile to target and construct a 
structure. The transitivity of square grid lattice (sql), for example, is 111 with one kind of vertex, 
edge, and face. The vertex (node) of 2D sql are 4-connected nodes which are amenable to 
augmentation to target more complex and diverse nets. Indeed, the square MBBs are one of the 
prevalent target building “units” to form augmented sql sheet structures; Dr. Zaworotko, Dr. 
Eddaoudi and al. have introduced a strategy to target such structures using square MBBs (Figure 
3.2).2-3 Indeed, the arrangement of square MBBs controls the overall topology of the 2D structure 
and its properties.  
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Figure 3.2: Schematic of the two ways of vertex linking square MBBs through BDC type ligand, 
(a) square arrangement of four square MBBs. (b) triangular arrangement of three square MBBs. 
 
Tetrahedral building units (TBUs)4 are an alternate type of 4-connected nodes which can 
be utilized to target sql SBLs. Tetrahedral nodes are 4-connected and can be linked through m-
BDC ligands to form (4,4) square grids. The BDC moieties (i,e. isophthalates) alternatively point 
up and down which offers a locus for layer pillaring; Predominantly, square MBBs are easier to 
achieve than tetrahedral MBBs, yet the latter afford further interesting pillaring opportunities.  
3.1.2. Construction of MOMs through pillaring tetrahedral sql Layers. 
As we have reported in our Chemical Society Review5, three possible types of square 
lattices can be constructed; two of them are square based sql (i.e, sql-1, sql-2) and the third one is 
a tetrahedral based sql layer denoted as sql-3. The latter type of sql is of closer interested as the 
target of square MBBs is not a prerequisite to facilitate the formation of 2D sql layers. One of the 
common targeted tetrahedral nodes is the 8-coordinated indium and m-BDC based ligands. The 
sql-3 layers can mostly be further linked through two types of pillars (i.e, square pillar, and 
tetrahedral pillar) to construct 3D functional MOMs.  
Many pillared MOMs have been reported in literature even if none, to our knowledge, have 
implemented or referred to our SBL strategy.6,7 Indeed, structures based on tetrahedral pillaring of 
sql-1 (mmm-MOM) or sql-3 (bor-MOM) are still to be investigated and explored. One 
additionally challenging way of pillaring the tetrahedral sql-3 layers is through a square pillar to 
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form novel frameworks, we called eed-MOM, and hge-MOM. The choice of organic ligand in this 
pillaring strategy is crucial as the elected ligand is expected to direct the assembly of tetrahedral 
layers (sql-3) while affording a square core to link the adjacent 2D layers (e.g., H8PTetMOI, 
H12PHexMOI). The square pillaring of sql-3 type layers is yet an unfamiliar territory as, to our 
knowledge, the first MOM based on square pillared sql-3 SBL is the one we report within this 
dissertation (i.e, eed-MOM). The eed-MOM is a (3, 4, 4)-connected net and has a transitivity of 
3221 (coordination sequence for each vertex: V1: 3 9 15 33 45 82 90 153 150 239; V2: 4 8 20 30 
60 68 120 126 200 180; V3: 4 8 20 30 60 68 120 126 200 180).  
In this chapter, we report a step-by-step strategy to construct novel functional MOMs 
utilizing sql-1 and sql-3 as our SBLs for further pillaring through quadrangular core ligands (i.e, 
PHexMOI and MTetMOI).  
3.2. Experimental Section 
All materials and methods are described in Chapter 2, unless otherwise noted. 
Preparation of H12PHexMOI: The organic ligand was synthesized as reported in Chapter 2 of 
this dissertation. 
Preparation of 5,5',5'',5'''-[1,2,3,4-methyltetrayltetrakis(methyleneoxy)]tetra-1,3-
benzenedicarboxylate tetramethyl ester pMTetMOI: The ester version was synthesized 
following the same procedure used to synthesize 5,5',5'',5'''-[1,2,4,5-
benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-benzenedicarboxylate tetramethyl ester (in 
chapter 2) replacing 1,2,4,5-tetrakis(bromomethyl)benzene with Pentaerythrityl Tetrabromide. 
Note: No further purification is required. 
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Figure 3.3: Synthetic strategy followed for the preparation of 5,5',5'',5'''-[1,2,3,4-
methyltetrayltetrakis(methyleneoxy)]tetra-1,3-benzenedicarboxylate tetramethyl ester. 
 
Synthesis of [Y4(H2PHexMOI)(NO3-)2·xsolv]n, 6 
H12PHexMOI (0.034mmol, 42mg) and Y(NO3)2.9H2O (0.07mmol, 26mg) were dissolved in 3mL 
of DMF, 2mL of H2O, 0.3mL pyridine, and 1mL of HNO3 (3.5M in DMF). The vial was sealed 
and placed in an oven at 115°C for 3 days. The as-synthesized clear parallelogram crystals are 
insoluble in water and common organic solvents. 
Synthesis of [Yb4(H2PHexMOI)(NO3-)2(DMF)4·xsolv]n, 7 
H12PHexMOI (0.034mmol, 42mg) and Yb(NO3)3.9H2O (0.07mmol, 30mg) were dissolved in 3mL 
of DMF, 2mL of H2O, 0.3mL pyridine, and 1mL of HNO3 (3.5M in DMF). The vial was sealed 
and placed in an oven at 115°C for 3 days. The as-synthesized clear parallelogram crystals are 
insoluble in water and common organic solvents. 
Synthesis of [Zn6(PHexMOI)(H2O)x(DMF)x·xsolv]n, 8 
H12PHexMOI (0.034mmol, 42mg) and Zn(NO3)2.6H2O  (0.07mmol, 20mg) were dissolved in 3mL 
of DMF, 1mL of H2O, 0.4mL pyridine, and 0.4mL of HNO3 (3.5M in DMF). The vial was sealed 
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and placed in an oven at 115°C for 3 days. The as-synthesized clear parallelogram crystals are 
insoluble in water and common organic solvents. 
Synthesis of [Cu4(MTetMOI)(H2O)4. (solvent)]n, 9 
pMTetMOI (0.030mmol, 27mg) and Cu(NO3)2.2.5H2O (0.06mmol, 14mg) were dissolved in 3mL 
of DMF, 1mL of H2O, 1mL of NaOH (1M in H2O), 1mL of HNO3 (3.5M in DMF) and 0.5mL of 
pyridine. The vial was sealed and placed in an oven at 105°C for 3 days. The as-synthesized blue 
plate-like crystals are insoluble in water and common organic solvents. 
Synthesis of In2(H4PHexMOI)(NO3-)2.(solvents)]n, 10 
H12PHexMOI (0.034mmol, 42mg) and In(NO3)3.6H2O (0.07mmol, 5mg) were dissolved in 1mL 
of DMF, 1mL of CH3CN , 0.2mL of imidazole (1.47M in DMF) , and 1mL of HNO3 (3.5M in 
DMF). The vial was sealed and placed in an oven at 115°C for 3 days. The as-synthesized clear 
parallelogram crystals are insoluble in water and common organic solvents. 
3.3 Results and Discussion 
Compound 6 is isostructural to the compounds in Chapter 2 as we recognized the versatility 
of our approach. A DMF/H2O solution of PHexMOI and Y(NO3)3.9H2O crystallizes in clear 
parallelepiped crystals. Crystal structure of 6 was characterized and confirmed by X-ray 
diffractions as [Y4(H2PHexMOI)(NO3
-)2·xsolv]n, 6 its purity was established by PXRD. Analysis 
of the structure matches the targeted tbo-MOM where one of the extra isophthalates coordinates 
to the axial position of Yttrium while the second extra isophthalate stays uncoordinated and 
pendant inside the large cavity (figure 3.4). 
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Figure 3.4: Representation of the large cavity in 6 in which one of the extra isophthalates is 
pendant inside the cavity and the other isophthalate is coordinated to a metal cluster. Hydrogen 
atoms were omitted for clarity. 
 
The length of the ligand and the coordination of the metal direct the topology and the type 
of functionalization of the overall structure. Yttrium forms the expected 4-connected paddlewheel, 
Y2(O2CR)4 
8-10(Figure 3.5) , the quadrangular core of PHexMOI also serves as a 4-connected node, 
and the 5-R-isophthalate moieties as the 3-connected node. The final (3,4) connected structure of 
6  is a similar tbo-MOM to the compounds in Chapter 2.  
 
Figure 3.5: Yttrium cluster in 6 is regarded as a square SBU 
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The functionalization of compound 6 is slightly different than the functionalization in 
compound 5 as only one extra isophthalate is uncoordinated. After studying the structure, one extra 
isophthalte coordinates to one type of paddlewheel to stabilize and neutralize the positively 
charged metal cluster. The other symmetrically different paddlewheel is not coordinated to the 
second isophthalate for the main reason that the hysterically hindered environment does not allow 
the coordination (Figure 3.6). The overall positively charged framework is suspected to be 
balanced by nitrates from the metal salt in the reaction11,12.  
 
Figure 3.6: Section of the crystal structure of 6 (left) which is considered a tbo-MOM from 
topological studies (right). Ancillary isophthalates were omitted for clarity. 
 
Compound 7 crystallizes in a different space group than compound 6 yet forms the same 
expected tbo-MOM. Solvothermal reaction of Yb(NO3)3.9H2O and H12PHexMOI results in clear 
parallelepiped crystals whose crystal structure was characterized and confirmed by X-ray 
diffractions as [Yb4H2PTetMOI(H2O)4.(solvent)]n, 7. While compound 6 crystalizes in an Fmmm 
space group as the rest of the tbo-MOMs have been assembled, compound 7 crystallizes in a Cmca 
space group. The structure of 7 lost a translation symmetry operation and formed in a base centered 
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manner as opposed to the face centered manner in which compounds 6 formed. The orientation of 
DMF solvent coordinated to the paddlewheel in 7 could explain the loss of the symmetry operation 
and therefore the overall space group (Figure 3.7) 
 
Figure 3.7: (a) Ytterbium paddlewheel cluster in 7. (b) Section of the crystal structure of 
compound 7. 
 
We surely demonstrate the versatility of our SBL approach to direct isostructural chemistry 
(compounds 2 and 3) and the formation of a series of isoreticular functional MOMs (compounds 
1 and 4). Accordingly, we realized that employing our SBL approach allows us to establish a 
general step-by-step design method, specifically through stepwise transition from tbo-MOMs to a 
related structure such as bor-MOM, while accessing new topologies (Figure 3.1). Careful analysis 
of the two related topologies (tbo and bor) indicates the possibility of designing a strategy to 
synthesize MOMs possessing tbo, bor, and additional intermediate topologies by simply changing 
the geometry of one 4-connected node while leaving the other 4-connected node and the triangular 
nodes unchanged (Figure 3.1). All the corresponding nets are (3,4)-connected nets, but the 
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intermediates are essentially ternary (3,4,4) nets. This is confirmed by review of the TOPOS 
databases, where one intermediate, mmm-net, is already known. The second intermediate net is a 
recently added new topology, where the number (three) and types of nodes (3-connected, and two 
types of 4-connected) are kept similar to the mmm-net yet their connectivity is varied to generate 
a 2D tetrahedral-based layered structure13-17, and, correspondingly, a distinctive net/MOM (Figure 
3.1).  
Consequently, compound 8 is a complex structure as it is a tertiary net and can be 
interpreted in different ways. Solvothermal reaction of Zn(NO3)2•6H2O with H12PHexMOI in 
DMF/H2O yields a homogeneous crystalline material whose purity was confirmed by PXRD 
patterns. The as-synthesized compound was characterized by single-crystal XRD as 
[Zn6PHexMOI(solvent)n]. Topological analysis of the resultant net reveals 8 to be mmm-net, a 
ternary (3,4,4)-connected net (Figure 3.8). 
The functionalized core of PHexMOI serves as a quadrangular 4-connected node (with two 
extra isophthalates), the 5-R-isophthalate moiety as the 3-connected node, while, in this case, the 
metal forms two kinds of 4-connected clusters, the targeted square paddlewheel [Zn2(O2CR)4] and 
a trimer MBB [Zn3(μ3-O)(H2O)2(O2CR)6]. Though square paddlewheels are fairly common for 
copper and zinc18-20, zinc is also known to readily form other clusters21-30 (Table 3.1). 
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Figure3.8: ZnPHexMOI forms in a tertiary net (mmm-net). The zinc metals forms two kind of 
clusters and PHexMOI serves as a functionalized quadrangular pillar. 
 
The trimer [Zn3(μ3-O)(H2O)2(O2CR)6] is formed as 6 carboxylates coordinate to three zinc 
ions forming two kinds of metal environments. Four carboxylates coordinate to the zinc in a 
bidentate manner, as in the case of the well-known basic zinc acetate; however, two carboxylates 
coordinate in a monodentate manner, allowing water molecules to coordinate to zinc, which could 
later serve as a source of open metal sites. Interestingly, one carboxylate of the ancillary 
isophthalates points into the open pores and coordinates to a single “floating” zinc (Zn(O2CR)2), 
which balances the overall doubly negative charge of 8. We have performed cation exchange 
studies on 8 to test the ability of the “floating” zinc to leave the framework and be exchanged with 
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other metals. We notice an interesting phenomenon as we soak compound 8 in 1M copper solution 
(ethanol) for 17 hours. The X-ray powder diffraction of Cu-exchanged sample is quite different 
from its parent compound 8 (Figure 3.9) and the newly exchanged structure has shifted to a 
permanently porous framework. 
Table 3.1. Compilation of reported zinc based MOFs and their metal clusters. 
Metal Organic Frameworks  Type of Zinc cluster 
MOF-521 
Zn4O(CO2)6 
MOF-17722 
MOF-20023 
MOF-21023 
Zn-MOF-7424 Zn3[(O)3(CO2)3] 
(4,4)-c pts-MOF25 Zn2O(CO2)4 
ZnPO-MOF26 
Zn2(O2CR)4 Hexagonal adamantanoid MOF
27 
Lonsdaleite MOF27 
D-POST-128 [Zn3(µ3-O)(O2CR)6(H2O)3]
2- 
IRMOF3-sal0.4
29 [(Zn4O)(bdc-NH2)3].Vsal0.4 
Typical ZIFs30 Zn(MethylImidazolate)2.(DMF).(H2O)3 
 
Indeed, the original compound 8 did not show any sign of porosity when gas sorption 
studies were performed, yet the Cu-exchanged relative has an estimated Langmuir surface area of 
1170m2/g and represent a good candidate for gas separation (Figure 3.10)  
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Figure 3.9: PXRD spectra of compound 8 and Cu-exchanged-ZnPHexMOI 
 
We have tried several cations such as cadmium and palladium for our cation exchange 
experiment and we collected more interesting results. The PXRD of Cd(II)) and Pd(II) exchanged 
ZnPHexMOI shows that the original structure of 8 is intact as opposed to the Cu-exchanged 
sample. The cadmium exchanged framework was not porous, similar to the parent zinc structure. 
We further exchanged compound 8 with even larger cations and we noticed the same trend as for 
Cd(II) and Pd(II) exchanged samples; the cobaltpentamine {[Co(NH3)5]
2+}, the cobalthexamine 
{[Co(NH3)6]
3+} exchanged samples also show no divergence from the original structure of 8 and 
no apparent porosity has been detected on these samples. 
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Figure 3.10: (a) Nitrogen isotherms at 77K of Cu exchanged-ZnPHexMOI (left), gas separation 
at 298K using cu-exchanged-ZnPHexMOI. (b) CO2 isotherms (left) and CO2 Qst in Cu-
exchanged-ZnPHexMOI. 
 
A quick study of compound 8, and the corresponding net, reveals the enhanced potential 
of our SBL approach to target such nets/MOMs. Compound 8 could be viewed as either 
quadrangular-pillared heterogeneous (i.e., square and tetrahedron-based) sql-SBLs where the 
PHexMOI core acts as the pillar, or tetrahedral-pillared homogeneous (i.e., solely square-based) 
sql-SBLs where the zinc trimer acts as the pillar. Essentially, rotating the structure 90° along the 
z-axis reveals the dual nature of 8 (Figure 3.11). Indeed, the structure of 8 can be targeted by 
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pillaring the already established the periodic 2D homogeneous [M(R-BDC)]n sql-SBLs with a 4-
connected tetrahedral core (e.g., a tetrahedral tetra-isophthalate ligand). 
 
Figure 3.11: (a) mmm-MOF- along (1,0,1) demonstrates the square pillaring of a square-
tetrahedral based SBL, which can be rotated 90 degrees along the z-axis (b) showing the 
tetrahedral pillaring of the square based sql SBLs. The corresponding underlying mmm-net can 
be viewed through either (c) quadrangular pillaring or (d) tetrahedral pillaring. Acillary 
isophthalates were faded for clarity. 
 
Indeed compound 9 was the result of such design and prediction. Solvothermal reaction of 
pMTetMOI and Cu(NO3)2.2.5H2O yields a crystalline compound 9 which was characterized and 
identified as Cu4(MTetMOI)(H2O)4.(solvent)]n; its purity was confirmed by PXRD. Topological 
analysis of 9 shows the expected ternary (3,4,4)-connected mmm-net through a more 
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straightforward design and synthesis. Indeed, 9 was synthesized using ligand (pMTetMOI) and a 
metal (copper) capable of forming the 2D sql SBL while pillared with a 4 connected tetrahedral 
node ( tetrahedral organic carbon core of the ligand) (Figure 3.12) 
 
Figure 3.12: (a) 2D sql SBLs forms through the square arrangement of squares (copper 
paddlewheels) which are further pillared with a tetrahedral node to form the (b) 3D structure in 
compound 9. Hydrogen atoms were omitted for clarity. The yellow ball represents the largest 
sphere that can be fit inside the cage, considering the van der Waals radii. 
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The structure of compound 9 is attained in a more direct manner than the structure of 8 as 
the copper predominantly forms the copper paddlewheel (i.e, square MBB) and the organic ligand 
pMTetMOI affords the tetrahedral core for pillaring. The isophthalate moieties are 3-connected 
nodes, the Cu2(O2CR)4 serves as the first type of 4-connected node while the tetrahedral core of 
the organic ligand serves as the second kind of 4-connected node in the mmm-net. The square 
paddlewheels form the sql layers through BDC linkers and further pillared by the organic ligand; 
the adjacent sql layers in mmm-net are 90 degrees eclipsed.  
 
Figure 3.13: Comparison of the orientation of the tetrahedral cages in (left) mmm-net and (right) 
tbo-net. 
 
Compound 9 can be viewed as a 3D MOM composed of tetrahedra and cuboctahedra31 
cages similar to the cages in 8 where each cuboctahedron is surrounded by eight tetrahedra. Each 
tetrahedral cage is connected to six other tetrahedra through their vertices which inherently 
generates the second type of cage (cuboctahedra). Due to the nature of the ligand (tetrahedral), the 
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tetrahedral cages are rotated 90 degrees which creates the unusual cuboctahedral cages. Unlike the 
cages in tbo-MOM (A-B-A), the tetrahedral cages in mmm-MOM can be considered as (A-A) 
edge-sharing MOPs (Figure 3.13). The generated cuboctahedra have four triangular faces occupied 
by the isophthalate moiety of the ligand and four triangular windows which opens to the tetrahedral 
cages (Figure 3.14) 
 
Figure 3.14: (a) Two types of polyhedral cage in 9: Tetrahedral cages (left) and cuboctahedra 
cages (right). (a)(left) pMTetMOI ligand with tetraisophthalate groups connected via alkoxy 
links to a 4-connected carbon core. (right) Representative section of the crystal structure of 9 
showing the packing of the polyhedral cages. 
 
Consecutively, compound 10 yielded a clear crystalline material which was characterized 
by single-crystal XRD as [In(H2PHexMOI)(H2O)x.(solvents)]n,10. The structure consists of the 
desired pillared SBLs; The indium ions form tetrahedral nodes (In(O2CR)4) by coordinating to the 
5-R-isophthalate moieties of the ligand to generate the sql-3, tetrahedral-based layers. The 
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quadrangular core of our ligand further pillars the layers to form a new ternary (3,4,4)-connected 
MOM, we called eed-MOM (Figure 3.15). 
 
Figure 3 15. Representation of 2-periodic (a) square-based sql-SBLs, and (b) tetrahedral-based 
sql SBLs. (c) A section of 10, an eed-MOM that can be targeted from tetrahedral-based sql-
SBLs pillared by quadrangular cores. Ancillary isophthalates on the ligand were omitted for 
clarity and replaced with purple ball. 
 
 In this case, the ternary nature of the net is more straightforward as the indium 
predominantly forms one type of nodes (tetrahedral).4 The isophthalate moieties serve as the 3 
connected nodes, In(O2CR)4 serves as one of the 4-connected (tetrahedral) nodes, and the 
PHexMOI core as the second type of 4-connected node. Topological analysis of the resultant 
(3,4,4)-connected net reveals that the topology of compound 10 is novel and unprecedented, we 
recently added to RCSR and named it eed-MOM. The overall charge of 10 is (-1) which is more 
probably neutralized through positively charged DMA ions inside the framework’s cavities.32 The 
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ancillary isophthalates on PHexMOI are more likely protonated due to the pH of the reaction 
conditions and the charge of the compound. 
Compound 10 can also be regarded as a polyhedral 3D MOM which is composed of two 
types of cages; truncated tetrahedra and truncated cubes (Figure 3.16). Each truncated cube is 
surrounded by eight vertex sharing truncated tetrahedra. These two cages are similar to the tbo-
MOM cavities with one difference, the cubotahedra cages (nanoballs) are eliminated in the eed-
MOM due to the orientation of the ligand and the crystal packing of the structure. The truncated 
cubes are constructed through four functionalized quadrangular ligands (PHexMOI) connected by 
eight tetrahedral In (O2CR)4.  
The ancillary isophthalates on PHexMOI are not coordinated to any metal just as the case 
of compound 5. They are crystallographically disordered in four positions which render their 
localization somewhat difficult. After studying the structure of 10, it became obvious that the 
structure can also be targeted by reacting indium metal with H8PTetMOI ligand in order to target 
the eed-net through the square pillaring of tetrahedral sql-3 layers. In this latter case, SDAs are 
necessary to balance out and to stabilize the imagined structure. Similarly, the sql-3 can be pillared 
with tetrahedral MBBS to construct the final structure in our strategy, bor-net; SDAs are crucial 
for the construction of such negatively charged structures (Figure 3.17)  
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Figure 3.16: (Top) Indium tetrahedral building unit in 10. (Middle) Two types of cages in 10; 
truncated tetrahedra and truncated cubes. (Bottom) section of the crystal structure of 10. 
Hydrogen atoms and ancillary isophthalates were omitted for clarity. The yellow ball represents 
the possible void in the cavities. 
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Figure 3.17: tetrahedral SBLs (sql-3) pillared with square core PTetMOI (eed-MOM) or with 
tetrahedral core MTetMOI (bor-MOM) 
 
3.4 Summary 
In this chapter we demonstrated the extensive versatility of our approach. The focus was 
on synthesizing new MOMs by implementing our step-by-step SBL strategy. The tbo topology is 
a (3,4) net where the 4-connected nodes are square MBBs, while the bor topology is a (3,4) net 
where the 4-connected nodes are tetrahedral MBBs. The two intermediate nets hold newly added 
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topologies to RCSR; mmm-net and eed-net. We implemented our SBL strategy and designed and 
synthesized our ligands in a way to target functional porous 3D structures with intended topologies.  
We have, indeed, designed and synthesized functional MOMs by pillaring square based sql SBLs 
(i.e., sql-1 SBLs) with quadrangular organic linkers (tbo-MOMs, 6 and 7), and with tetrahedral 
organic linkers (mmm-MOMs, 8 and 9).  
By targeting the second type of sql SBLS, tetrahedra based sql SBLs (i.e., sql-3 SBLs), we 
constructed a novel MOM with recently added topology (i.e., eed-MOM, 10). We have adopted 
the indium as our metal of choice for the facile construction of the sql-3 SBL, however, there exist 
additional metals capable of forming the necessary TBU to target the tetrahedral sql-3. Pillaring 
sql-3 SBLs with square linkers can form both eed-MOM (compound 10) and hge-MOM 
(mentioned in Eddaoudi et al. review); the difference between the two nets is the orientation of the 
interlayer pillars. To our knowledge, there hasn’t been any reported MOM holding the hge 
topology and our eed-MOM is the first of its kind.  
We have speculated the possibility of constructing an eed-MOM using H8PTetMOI or 
similar ligand along with the right SDA. Indeed, the eed-MOM, 10 was assembled by reacting 
indium metal with H12PHexMOI and can be considered as a functionalized framework (the 
ancillary isophthalates did not coordinate to any metal). Once the H8PTetMOI based eed-MOM 
can be isolated, a systematic study of the two structures can be set in place for gas sorption and 
separation (e.g. tbo- MOMs, 1 and 5 in chapter 2 of this dissertation). The final compound in this 
set of frameworks is the bor-MOM which can be targeted by reacting indium (4-connected node) 
with H8MTetMOI (offers both 3-connected node and 4-connected node). 
Once again, we have showed that our SBL approach represents a valuable design tool to 
facilitate the target of functional MOMs. As we have mentioned in our review, using an ideal 
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blueprint (e.g., tbo-MOM) along with the study of topological parameters, renders the design of 
functional MOMs an easily attainable reality. This concept is further discussed in the following 
chapter which introduces the synthesis of new functional materials through the pillaring of kgm 
and htb SBLs; two related 2D layers.  
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CHAPTER 4: CONTRUCTION OF FUNCTIONAL 3D MOMS BY PILLARING 
CLOSELY RELATED SBLS: HTB AND KGM SBLS 
4.1. Introductioon 
Ligand design plays a key role in MOMs building strategies, where the organic molecule 
functions as a linker (if linear) or molecular building block (MBB, if multi-dimensional) while 
concurrently directing the construction (in situ) of predicted inorganic clusters, supermolecular 
building blocks (SBBs), and/or supermolecular building layers (SBLs).1-3 In this chapter, we 
demonstrate the ability of our designed ligands to direct the assembly and L-L pillaring of two 
closely related SBLs resulting in the construction of five novel MOMs, three structures hold an 
unprecedented topology and two structures hold the newly added topology, eef-net. We utilize our 
already established SBL strategy to target a topologically different type of 2D layers which, in this 
case, are amenable to hexangular pillaring. Indeed, we recognized, during our quest to rational 
design of functional MOMs, the opportunity to target kgm and htb 2D SBLs which are both 
amenable to pillaring with 6-connected organic linkers.  
There are two kinds of 6-connected nodes, octahedral and trigonal prism, which could be 
targeted to construct 3D MOMs based on kgm and htb-SBLs. The kagome (kgm) layer is a readily 
constructed uninodal net through the assembly of square paddlewheel MBB nodes. This particular 
net is comprised of one type of vertex, one type of edge and 2 sets of triangular and hexagonal 
polygons which join at the 4-connected nodes.4-8 One way of targeting the kgm layer is through 
our already established coordination of isophthalates with metal square paddlewheels. Relative to 
the sql SBL discussed in chapters 2 and 3, the kgm SBL can be easily assembled by targeting 
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metals capable of forming square paddlewheels (e.g. copper, cobalt, and zinc) and by isolating the 
optimum reaction conditions.  
 
Figure 4.1: (Left) H12PHexMOI, (right) H12AzoPHexMOI; two designed ligands to allow the “3-
up and 3-down” conformation. Hydrogen atoms were omitted for clarity. 
 
As mentioned in chapter 1, there exists two possible ways of pillaring 2D nets which can 
be utilized to target 3D MOMs. Consequently, pillaring kgm net can be achieved through flexible 
multi-functional ligands which allow for the formation of “3-up, 3-down” conformation such as 
our designed H12PHexMOI and our newly functionalized H12AzoPHexMOI ligands (Figure 4.1). 
There have been reported structures by Matzger et al where the pillaring ligand is asymmetrical 
and direct the construction of a low symmetry kgm layer and consequently a low symmetry nbo-
MOF. 9 Indeed, a tri-functional ligand can be utilized to synthesize and pillar kgm-layer such is 
the case in HKUST-1 where two carboxylic acids of the tri-acid ligand are coordinating to the 
copper paddlewheel to form the kgm layer.10 Three isophthalate moieties are pointing up and three 
are pointing down to form the triangular and hexagonal windows. In the case of HKUST-1, it could 
be visualized that the kgm-SBLs are linked through metalloligand pillar (Figure 4.2).  
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Figure 4.2: kgm layer (left) pillared by copper paddlewheel to construct the well-known 
HKUST-1 structure (right). kgm layer is highlighted in green for clarity and focus. 
 
The paddlewheel-based kgm layer is a suitable SBL to design and to target functional 3D 
MOMs as it is easily constructed from square MBBs and simple to pillar. This particular 2D net is 
of interest due to its properties; it is one of the only five edge transitive 2D nets mentioned in 
chapter 1. Edge transitive nets and regular nets afford the facile synthetic accessibility and the 
rather facile isolation of reaction conditions. Consequently, the employment of isophthalate 
moieties to coordinate to dinuclear metal paddlewheels, [M2(O2CR)4]; square MBB), generates the 
kgm SBL which is amenable to further pillaring through covalent bonding to an organic core (e.g. 
benzene ring) or to a metalloligand cluster.11-13 The strategy employed in this chapter is the 
pillaring of the kgm SBL through a hexa-substituted benzene core and through an asymmetric tri-
acid ligand; both ligands allow the “3-up and 3-down” conformation of the isophthalate moieties. 
During our quest toward the rational design of functional materials, we came across a 
related 2D net to our already established kgm SBL; we recognize it as the 2D htb-net.14-18 To the 
best of our knowledge, there are no reported hybrid materials (i.e. MOMs) constructed from this 
specific net. The htb-net is a (3.4.6.4)-c net with 123 transitivity. This particular coordination 
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sequence connotes that the htb-net is comprised of two sets of polygons which join at each 4-
connected node; one set of triangular and tetragonal polygons and a second set of hexagonal and 
tetragonal polygons. The tetragonal polygons are vertex-sharing which delineate the hexagonal 
and triangular polygons. In other words, htb-net comprises three types of rings; three-membered 
(3MR), four-membered (4MR), and six-membered (6MR) rings. The typical inorganic htb-net 
based structures are constructed from six coordinated nodes such as octahedral and trigonal 
prismatic metal clusters. Therefore, the self-assembly of specific MBBs (i.e. octahedral, trigonal 
prism) capable of having the right geometry attributes holds the potential to construct analogous 
and isostructural htb-nets under the optimum reaction conditions (Figure 4.3). 
 
 
Figure 4.3: htb-net (left) can be augmented and assembled through nodes with the right 
geometry attributes; trigonal prism nodes (top right), and octahedral nodes (bottom right). 
 
The design of a top bottom strategy to construct htb-MOMs by choosing a suitable 
molecular building block with the necessary geometry is key. Consequently, the self-assembly of 
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already established six connected MBBs such as trigonal prism MBB (e.g. metal trimer, 
M3O(RCO2)6(H2O)3), and octahedral MBB (e.g. metal tetramer, Zn4O(RCO2)6) has the potential 
to generate the desired htb-MOM under the ad rem reaction conditions. The reaction of 
isophthalate moieties with the appropriate metal could serve the basis to target htb SBLs which 
can be further pillared by a hexa-functional ligand. Indeed, we recognize the potential of covalently 
cross-linking htb SBL through an organic hexangular core and thus direct the formation of a novel 
htb-MOM platform (Figure 4.4).  
 
   
Figure 4.4: illustration of the htb layer constructed from linked trigonal prismatic MBBs and 
cross-linked with a hexagonal pillar. 
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In this chapter, we underline the successful construction of several htb-MOMs and kgm-
MOMs through the implementation of our SBL approach, through the design and synthesis of 
three specific organic ligand linkers and through the meticulous metal-ligand directed construction 
of functional 3D MOMs. We drive the conventional frontiers to a further mark by intentionally 
targeting isostructural materials constructed from semi-regular nets and we set the early stepping 
stones of a rational approach for easily attainable non-edge transitive nets. Thousands of 
documented structures of non-edge transitive nets were serendipitously isolated, however, in this 
chapter we demonstrate our instituted plan to target functional 3D MOMs generated from semi-
regular 2D nets and more specifically 2D nets with transitivity where q is >1.19 
4.2. Experimental Section 
All materials and methods are described in Chapter 2, unless otherwise noted. 
Preparation of 5,5',5'',5''',5'''',5'''''',5''''''-[1,2,3,4,5,6-benzenehexaylhexakis(4-
methyleneoxyphenylazo)]hexa-1,3-benzenedicarboxylic acid (H12AzoPHexMOI). A similar 
procedure was used to synthesize H12AzoPHexMOI, replacing dimethyl 5-hydroxyisophthalate 
with dimethyl 5-(4-hydroxyphenylazo) isophthalate. Dimethyl- 5-(4-hydroxyphenylazo) 
isophthalate was synthesized according to the reaction noted in chapter 2. Note: No further 
purification is required. 
Preparation of 5-[(4-carboxybenzyl)oxy]-1,3-benzenedicarboxylic acid (H3L29): The product 
was synthesized according to a modified procedure from the literature.20 In a typical reaction, 
(12.7g, 0.06mol) of dimethyl 5-hydroxyisophthalate was dissolved in DMF (250mL). A catalytic 
amount of KI (74.0mg, 4.40mol) was added to the solution followed by K2CO3 (26.0g, 0.260mol). 
The solution was then heated to 100oC for 1 hour. Methyl 4-(bromomethyl) benzoate was dissolved 
(13g, 0.06mol) in DMF (10mL), added dropwise to the mixture and heated at 70oC for an 
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additional hour and then cooled to room temperature. Approximately 800mL of water was added 
to the solution to produce a white precipitate which was filtered, washed thoroughly with ice cold 
water and air-dried (96.9% yield). Note: No further purification is required. ). In a typical 
hydrolysis reaction, the ester was added to a round bottom flask containing methanol (250 mL). 
An aqueous NaOH solution (2.25g in 60mL H2O) was added to this mixture and then refluxed at 
50oC/12h. The solution was acidified to pH = 1 using concentrated HCl (15N). The precipitate was 
separated by filtration, washed with cold H2O and air-dried to a yield of 91.4%. Note: No further 
purification is required (Figure 4.5). 
 
 
 
Figure 4.5: Synthetic strategy followed for the preparation of H3L29. 
 
Synthesis of {[In2(µOH2) (PHexMOI)0.5].[In3-µO-(PHexMOI)0.5].[solv]}n, 11 
H12PHexMOI (0.034mmol, 42mg) and In(NO3)3.xH2O (0.05mmol, 15mg) were dissolved in 2mL 
of DMF, 1mL of acetonitrile, 0.2 mL of imidazole (1g/10mLDMF), and 1mL of HNO3 (3.5M in 
DMF). The vial was sealed and placed in an oven at 85°C for 24 hours. The as-synthesized clear 
hexagonal crystals are insoluble in water and common organic solvents. 
Synthesis of {[Mn2(µOH2) (H2PHexMOI)0.5]23.[Mn3-µO-(PHexMOI)0.5]2.[solv]}n, 12 
H12PHexMOI (0.034mmol, 42mg) and MnCl2.4H2O (0.06mmol, 10mg) were dissolved in 3mL of 
DMF, 1mL of H2O, 0.5 mL of pyridine, and 0.5mL of HNO3 (3.5M in DMF). The vial was sealed 
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and placed in an oven at 85°C for 24 hours and at 115oC for 24 hours. The as-synthesized ecru 
hexagonal crystals are insoluble in water and common organic solvents. 
Synthesis of {[Co2(µOH2)(H2PHexMOI)0.5].[solv]}n, 13 
H12PHexMOI (0.034mmol, 42mg) and Co(NO3)2.6H2O (0.07mmol, 20mg) were dissolved in 3mL 
of DMF, 1mL of H2O, 0.5 mL of pyridine, and 0.5mL of HNO3 (3.5M in DMF). The vial was 
sealed and placed in an oven at 85°C for 24 hours and at 115oC for another 24 hours. The as-
synthesized pink hexagonal crystals are insoluble in water and common organic solvents. 
Synthesis of [(CuAzoPHexMOI)(H2O)(DMF). xsolv]n, 14 
H12AzoPHexMOI (0.016mmol, 30mg) and Cu(NO3)2.2.5H2O (0.07mmol, 16mg) were dissolved 
in 3mL of DMF, 1mL of pyridine, , and 1mL of HNO3 (3.5M in DMF). The vial was sealed and 
placed in an oven at 105oC for 3 days. The as-synthesized green hexagonal crystals are insoluble 
in water and common organic solvents. 
Synthesis of [(CuL29)(H2O)(DMF). xsolv]n, 15 
H3L29 (0.07mmol, 22mg) Cu(NO3)2.2.5H2O (0.028mmol, 8mg) were dissolved in 1mL of DMF, 
1mL CH3CN, 1mL MeOH, 1mL Ethylene glycol and 1mL HNO3 (3.5M in DMF). The vial was 
sealed and heated to 115OC for 2 days. The as-synthesized green hexagonal crystals are insoluble 
in water and common organic solvents. 
4.3. Results and Discussion 
 
This chapter focuses on demonstrating the ability of our SBL approach as a rational 
pathway to design and construct periodic 3D MOM platforms. Reactions of our hexangular ligand, 
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H12PHexMOI, and metals capable of forming six connected (i.e, octahedral, trigonal prismatic) 
MBBs have led to hexagonal crystals we refer to as htb-MOMs. Crystals of compound 11 result 
from a solvothermal reaction of H12PHexMOI and In(NO3)3.xH2O and characterized as 
{[In2(µOH2)(PHexMOI)0.5].[In3-µO-(PHexMOI)0.5].[solv]}n. Compound 11 can be viewed as a 
pillared htb-MOM based on PHexMOI-cores pillaring 2-periodic In-(5-R-isophthalate) htb layers 
(SBLs). Thus, the hexangular-pillared htb-MOM can be viewed as a 3D MOM, where the 
PHexMOI core serves as a 6-connected node, the 5-R-isophthalate moiety as a 3-connected node, 
and the Inx µOHn.(O2CR)6 (x =2, 3 and n = (x-3)/(-1/2)) trigonal prismatic cluster as another 6-
connected node.  
Half the clusters in 11 are indium trimer trigonal prismatic MBBs where six carboxylates 
are coordinated to the metal in a bidentate manner; the indium metals are oxo bridged, In3 
µO(O2CR)6. The other fifty percent of the clusters also form the trigonal prismatic MBB, however, 
are constructed from the self-assembly of two aqua-bridged indium metals and coordinated to six 
carboxylate moieties, In2 µOH2(O2CR)6. Each indium metal is octahedrally coordinated to oxygen 
atoms; four equatorial oxygen atoms from carboxylate moieties and two axial oxygen atoms from 
aqua ligands (Figure 4.6). The bridging oxo moiety in the indium trimer is substituted by an aqua 
ligand in the di-indium clusters which generate an overall (-1) charge from the trimer and a neutral 
charge on the dimer. Consequently, the overall charge of the structure 11 is (-1) which is presumed 
to be balanced by DMA cations generated from DMF during the solvothermal reaction 21 of 11. 
 
Figure 4.6: Illustration of indium clusters in 11. The trimer (left) and the dimer (right) clusters 
can be represented as trigonal prismatic MBB.  
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Topological studies of 11 reveals a unprecedented (3,3,6,6) net where the 3-connected 
vertices which in this case are the 5-R isophthalates are topologically asymmetric. Indeed, four of 
the isophthates (vertex 3) have similar coordination sequences where two isophthalates (vertex 4) 
have distinct coordination numbers. The coordination sequence of the topologically related 
isophthalates (vertex 3) is: 3, 13, 15, 50, 41, 114, 83, 215, 146, 356 while the second 3-coordinated 
vertex (vertex 4) has a coordination sequence of 3, 13, 14, 47, 39, 112, 82, 212, 142, 346. Vertex 
3 (four isophthaltes) is part of the 3M ring while vertex 4 belongs to the 6M ring constituting the 
htb net (Figure 4.7). The 6-coordinated vertices are the metal clusters and the hexangular ligand 
core. The metal clusters form the trigonal prismatic MBB, Inx µOHn(O2CR)6 (x =2, 3 and n = (x-
3)/(-1/2), while the ligand core serves as a 6-coordinated interlayer pillar. 
 
Figure 4.7: Ball-stick illustration of the 3M ring in compound 11 (top left). Node-rod 
representation of the 3MR (top right). htb layer representation of 11 (bottom). 
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Analysis of the PHexMOI ligand in compound 11 reveals the rotation of the isophthalate 
termini out-of-plane from the benzene core of the molecule, resulting in a non-planar ligand to 
accommodate the formation of the trigonal prismatic vertices and therefore the htb layers. The 
organic ligand PHexMOI contributes three isophthalate moities to one htb layer, and three 
isophthalates to the following layer while facilitating the inter-layer pillaring with the benzene core 
(Figure 4.8). The flexibility of the organic ligand enables the self-assembly of metal clusters, Inx 
µOHn.(O2CR)6 (x =2, 3 and n = (x-3)/(-1/2) to construct the four membered, the three membered 
and the six membered-ring windows as the basis of the htb layer. The surface-decorated htb-layer 
(i.e., [In(R-BDC)]n) serves as a Supermolecular Building Layer (SBL) amenable to pillaring 
through 6-coordinated organic building blocks to construct our novel 3-periodic htb-MOM 
platforms. 
 
 
Figure 4.8: (a) Illustration of the triangular, tetragonal and hexagonal rings in htb-net. (b) A 
hexa-substituted ligand (H12PHexMOI) is utilized to pillar 2D htb SBL to construct compound 
11 
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The overall 3-periodic anionic structure of 11 can be viewed as a MOF consisting of three 
types of cavities, octahedral, rectified trigonal bipyramidal, and rectified hexagonal bipyramidal 
cages. The edge-sharing octahedral cages delineate the formation of hexagonal and trigonal 
bipyramidal cages which extricate the inherent porosity of the htb-MOM, 11. The rectified 
hexagonal bipyramidal cages have a 14.98 Å size window while the rectified trigonal bipyramidal 
cages have a 9.130 Å opening. The octahedral cages in 11 are constructed from four indium 
clusters and four isophthalate moieties, the cages are edge-sharing to construct the htb SBL and 
stacked to construct the overall 3-periodic htb-MOM (Figure 4.9).  
The total solvent-accessible volume of 11 is estimated to be 58% by summing voxels more 
than 1.2 Å away from the framework using PLATON software. Compound 11 exhibits permanent 
porosity which is confirmed by the reversible type I Nitrogen isotherms characteristic to 
microporous materials. Gas sorption studies were conducted on a fully evacuated compound after 
exchanging the guest molecules in 11 with CH3CN for 5 days. The surface area estimated from 
Nitrogen isotherms is 585 m2/g. This particular htb-MOM maintains thermal stability up to 300oC 
and proven by TGA. Further experiments based on multiple gas sorption and separation show that 
11 exhibits high uptake of most gases at low pressures and an appropriate gas separation sorbent 
(Figure 4.10)  
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Figure 4.9: (a) A section of the htb-SBL pillared by the PHexMOI organic ligand to construct 
3D cages. (b) The orientation and packing of the octahedral cages generates 3-periodic htb-
MOM. Hydrogen atoms have been omitted for clarity; metal (indium, cobalt, manganese) = light 
blue, carbon = gray, oxygen = red. 
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Figure 4.10: (Left) Nitrogen sorption isotherms measured at 77K on compound 11. (Right) 
Multiple gas adsorption at room temperature to demonstrate the ability of compound 11 for gas 
separation. 
 
In order to prove the efficacy of our approach, and to determine the ability of the htb-
MOM as a novel platform, we design and synthesize compound 12 which is isostructural to 11. 
Consequently, compound 12 results from mild solvothermal reaction of H12PHexMOI and 
MnCl2.4H2O in a solution of DMF/H2O/pyridine and formulated as 
{[Mn2(µOH2)(H2PHexMOI)0.5]23.[Mn3-µO-(PHexMOI)0.5]2.[solv]}n. The purity of compound 12 
is established with PXRD as the experimental peaks match the calculated from single crystal X-
ray analysis. Pyridine is a crucial reagent for the formation of 12, we haven’t been able to isolate 
compound 12 unless pyridine is part of the reaction conditions. The metal environment in 12 is 
slightly different than 11 as the ratio of dimer to trimer metal cluster is 23:2 in compound 12 
instead of 1:1 in compound 11.  
Indeed, the environment around the metal clusters in 12 is similar to the environment in 11 
as both structures are constructed through the assembly of metal dimers and trimers. The metal 
dimers in 12 are formed through the bidentate coordination of two carboxylates to two manganese 
metals and the monodentate coordination of four carboxylate moieties (Figure 4.11). After 
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searching the CSD and analyzing the reported structures, we recognize that the bridging ligand is 
an µ-aqua ligand and is hydrogen bonding with the two monodentate carboxylates as has been 
observed in many discrete analogues.22-25 While the second type of metal clusters forms in a 
traditional manner where the metal trimer groups through the bidentate coordination of six 
carboxylates to three manganese metals and the oxo-bridging ligand lies in the axial position. The 
metals hold an octahedral geometry with four oxygen atoms from the carboxylate moieties on the 
equatorial position and two oxygen atoms from the aqua/oxo ligands on the axial position. 
 
 
Figure 4.11: Illustration of the manganese environment in the metal dimer cluster of 12. The 
distance between the bridging ligand and the oxygen atoms of each monodentate carboxylate is 
shown. Hydrogen atoms were omitted for clarity. 
 
Concomitantly, pink hexagonal crystals of compound 13 results from a solvothermal 
reaction of H12PHexMOI and Co(NO3)2.6H2O in a solution of DMF/H2O/pyr at 85
oC/115oC. 
Crystal structure of 13 was characterized and confirmed by X-ray diffractions as 
{[Co2(µOH2)(H2PHexMOI)0.5].[solv]}n, and its purity was established by PXRD. Analysis of the 
structure matches the targeted htb-MOM isostructural to compounds 11 and 12. In the present case 
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of compound 13, all metal clusters are dimers. Cobalt metals are chelated to two carboxylate 
moieties of the PHexMOI ligand and monodentate coordinated to four carboxylate. The geometry 
around each cobalt is octahedral 26-29, similar to 11 and 12 with one nitrogen atom in the axial 
position from the pyridine molecule (Figure 4.12). 
 
 
Figure 4.12: (Left) metal trimer, (middle) manganese environment in the dimer clusters of 12, 
(right) cobalt environment in 13. 
 
Herewith, our modular pillaring strategy to design and synthesize isoreticular htb-MOMs 
has shown great potential and has established the htb-MOM as a suitable platform. Indeed, htb-
MOM (specifically the indium based structure) has shown thermal stability up to ~300oC, and 
exhibits a suitable platform for gas sorption and gas separation. The cobalt and manganese based 
htb-MOMs are less stable however, can be utilized for magnetic studies, liquid separation studies 
and a stepping stone for crystal design and synthesis. Future studies are underway to assess guest 
molecules such as porphyrin and catalysis with htb-MOMs. Also, our pillaring strategy using the 
SBL approach as our building blocks facilitate targeting other metals amenable to form trigonal 
prismatic MBBs such as iron and construct the htb-net (Figure 4.13). 
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Figure 4.13: Illustration of htb-MOMs constructed through the assembly of cubes. 
 
To further evaluate our SBL approach, we target an already established 2D SBL, the so-
called kgm-net. This particular net is edge transitive and easily constructed from the assembly of 
square MBBs. As mentioned before, the square based kgm-net is apt to target through the assembly 
of the well-known 4-coordinated metal-carboxylato paddlewheels ([M2 (O2CR)4], M = Cu, Zn, Co, 
Ni, etc). Structures constructed from the pillaring of these layers is interestingly scarce and, in 
most cases, the 3D nets constructed are nbo-MOMs.30-33 Herein, we report the design strategy and 
synthesis of two pillared kgm-MOMs which demonstrate great potential for gas sorption and 
ion/molecule exchange studies. The first compound (compound 14) is constructed from the 
coordination of our designed ligand H12AzoPHexMOI and copper and results in a net of the newly 
added eef topology. The next compound (compound 15) was a serendipitous discovery, however, 
shows potential for intra-framework ions substitution and influence on gas sorption and separation. 
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Compound 14 results from solvothermal reaction of copper nitrate and H12AzoPHexMOI 
in a DMF solution. Reaction was sealed in a scintillation vial and heated for 3 days at 105oC. 
Crystal structure of 14 was characterized and confirmed by X-ray diffractions as 
{(Cu6AzoPHexMOI)(H2O)6.(solv)}n, and its purity was established by PXRD. The resulting 
structure of 14 can be viewed as a pillared kgm-MOM based on AzoPHexMOI cores substituting 
the interlayer hexangular and essentially pillaring 2D Cu-(5-R-isophthalate) kgm SBLs. Similarly, 
14 is a 3D MOF wherein each AzoPHexMOI core serves as 6-connected nodes, each 5-R-
isophthalate moiety as 3-connected nodes, and each Cu2(O2CR)4 paddlewheel cluster as 4-
connected square nodes. Topological analysis of the resultant net reveals that the topology of 14 
corresponds to the newly added eef-net. 
The structure of 14 can be interpreted as hexangular pillared kgm-MOM where the square 
paddlewheels assemble through the isophthalate moieties to construct the expected kgm SBL and 
pillared by the octahedral organic core AzoPHexMOI (Figure 4.14). In this current case, the choice 
of organic ligand was particularly intricate as we have designed and targeted a hexa-substituted 
organic linker with extended arms than our original H12PHexMOI. Indeed, our previous 
discoveries reported in this dissertation and in our published peer-reviewed papers have 
demonstrated and led us to consider that the H12PHexMOI forms mainly tbo-MOMs and htb-
MOMs when coordinated to metal square MBBs. After an extensive study of literature and the 
CSD, we concluded the need to design a hexa-substituted ligand which will allow the 3-up and 3-
dowm conformation and direct the formation of the kgm-SBL while affording a hexangular core 
for inter-pillaring; H12AzoPHexMOI fulfilled all the aforementioned conditions.  
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Figure 4.14: Construction of kgm-SBL using square MBBs, [Cu2(O2CR)4] which is further 
pillared with the octahedral organic linker. Hydrogen atoms and solvent molecules have been 
omitted for clarity. 
 
Compound 14 can also be regarded a 3D polyhedral MOM comprised of vertex sharing 
hexagonal bipyramidal cages (a type of dodecahedra polygon, also called hexagonal bifrustrum). 
These dodecahedral cages 34 are constructed from 6 functionalized isophthalate ligands connected 
by six Cu2(O2CR)4 paddlewheels and two AzoPHexMOI benzene cores. The packing of the cages 
intrinsically generates the triangular channels running along the z-axis, perpendicular to the kgm-
SBLs. Each truncated hexagonal bipyramidal cage is surrounded by eight cages and six triangular 
channels (Figure 4.15). Compound 14 can be considered as a mesoporous material as the size of 
each truncated bipyramidal cage is 25.781 Å x 11.577 Å (22.381 Å x 8.177 Å including vdw radii). 
By increasing the length of the hexa-substituted organic ligand H12AzoPHexMOI and reacting it 
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with copper in the optimum conditions, the appropriate geometry (square MBB, and octahedral 
MBB) is achieved and the kgm-SBL is further pillared with the organic core linker. 
 
 
Figure 4.15: Each truncated hexagonal bipyramidal cage in 14 is surrounded by eight cages and 
six triangular channels. Hydrogen atoms and solvent molecules have been omitted for clarity. 
 
Additionally, compound 15 results from the solvothermal reaction of H3L29 and 
Cu(NO3)2.2.5H2O in a solution of DMF/methanol for 3 days at 115
oC. The blue-green hexagonal 
crystals are characterized by single crystal X-ray as {[Cu4 (L29)3 (H2O)2 ].[solv]n}, 15 and its purity 
has been resolved with PXRD. The resultant compound can be regarded as a pillared kgm-MOM, 
each L29 ligand essentially pillars the 2D Cu-(5-R-isophthalate) kgm SBLs. Similarly, 15 is a 3D 
MOM wherein each L29 ligand serves as 3-connected nodes, the 5-R-isophthalate moieties as 
another 3-connected node, and each Cu2(O2CR)4 paddlewheel cluster as 4-connected square nodes. 
Topological analysis of the resultant net reveals that the topology of 15 corresponds to a (3,6)-c 
net.  
The coordination of copper to the isophthalate moieties generates the kagome layer while 
the ligand serves as the interlayer linker. The asymmetrical ligand affords an interesting feature 
where the carboxylate moiety coordinates to a single copper which sits in the middle of the kgm-
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SBL triangular windows. The flexible methoxy moiety allows the ligand to rotate out of plane to 
facilitate the coordination to the single copper. Due to the symmetry of L29, the kgm-SBLs in 
compound 15 are pillared through the triangular windows (in comparison to compound 14 which 
is pillared through the hexagonal windows of the kgm-SBLs) generating truncated octahedral and 
truncated hexagonal bipyramidal cages. Each truncated octahedral cage is surrounded by six other 
truncated octahedral and three truncated hexagonal bipyramidal cages (Figure 4.16). This 
particular compound is a serendipitous discovery however offers great potential for gas 
sorption/separation.  
 
 
Figure 4.16: Illustration of compound 15 kgm layer pillared by L29 which generates truncated 
tetrahedral and hexagonal bipyramidal cages. Hydrogen atoms have been omitted for clarity. Cu 
(paddlewheel)= green, Cu (single ion)= azure, C= gray, O= red.  
 
Compound 15 exhibits permanent porosity which is confirmed by the reversible type I 
Nitrogen isotherms characteristic to microporous materials. Gas sorption studies were conducted 
on a fully evacuated compound after exchanging the guest molecules in 15 with CH3CN for 15 
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days. The surface area estimated from Nitrogen isotherms is 600 m2/g. The actual BET surface 
area is about half the expected surface area (1200 m2/g) which is probably due to the single copper 
ion sitting in the middle of the cages leaving only the channels clear for sorption (Figure 4.17).  
 
 
 
Figure 4.17: A section of 15 demonstrating the channels perpendicular to the kgm-SBL. 
Hydrogen atoms have been omitted for clarity. Cu (paddlewheel)= green, Cu (single ion)= azure, 
C= gray, O= red. 
 
CO2 uptake at 298K in 15 is noticeable compared to the N2 and CH4 uptake which render 
compound 15 an appropriate candidate for gas separation at room temperature. While the isosteric 
heat of adsorption of CO2 is 22.5kJ/mol at low loadings. Also, compound 15 demonstrates thermal 
stability up to 295oC with no apparent phase change (Figure 4.18). 
 
124 
 
 
Figure 4.18: (Top left) Gas uptake in 15, and (top right) CO2 isosteric heat of adsorption in 15. 
(Bottom) Temperature dependant PXRD to demonstrate the thermal stability of 15 up to 295oC 
with no apparent phase change.  
 
4.4. Summary 
The design and synthesis of novel material amenable to functionalization for a multitude 
of applications such as gas storage and gas separation has been and still the fundamental and the 
major focus of scientist and material chemists. Indeed, by controlling the synthesis of new 
materials, crystal engineers can target the appropriate application as we have validated in this 
chapter and this dissertation. We have implemented our newly SBL approach to control the 
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resulting 3D structures from pillaring 2D SBLs. We have targeted well-known 3D nets (tbo-net) 
and we have generated newly added nets (eed-net, and eef-net), we have also generated newly 3D 
nets which haven’t been added yet to RCSR database (compounds 11-13) and all exhibit great 
potential for gas sorption and small molecules sequestration/exchange.  
In this chapter, we have notably reported the synthesis of newly designed platforms, 11-
15, from the pillaring of related well-known 2D nets (i.e. kgm-SBL and htb-SBL). The appropriate 
design, synthesis, and utilization of the organic ligand has allowed the construction of targeted 
functional MOMs upholding the desired topology. Compounds 11-13 are attainable through the 
use of the hexa-substituted H12PHexMOI while compound 14 requires the adoption of the 
elongated H12AzoPHexMOI in order to target the 3-up and 3-down conformation. Herein, we have 
delineated the successful implementation of our SBL strategy to construct metal-organic materials 
that retain intraframework periodic functionality and gas sorption properties. Considering the 
difficulty of periodic materials design and their synthesis, the results are highly prominent.  
Solid-state materials with large cavities and channels constructed from 2D SBLs pillaring 
allow for the control of the inter-layer distances and therefore the control and tunability of the pore 
size/surface area for diverse applications. The herein results demonstrate the potential of these 
porous materials to serve as platforms and sorbents for gas separation. Ipso facto, state-of-the-art 
functions arose from our implemented strategy and the construction of the reported functional 
MOMs along with their porous nature and readily tunable framework. Compounds such as 11-15 
allow the target of higher coordination ligands (i.e. ≥ 6) and therefore target novel topologies that 
were up-to-date unreported.  
In conclusion, the developed SBL methodology outlined throughout this chapter and this 
dissertation in general offer an innovative and modular avenue to access complex topologies and 
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elaborate structures. This newly designed approach provide new horizons for solid state functional 
materials otherwise difficult to attain through conventional approaches. 
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CHAPTER 5: DIVERSE APPLICATION INVESTIGATIONS ON 
MOMS 
5.1. Ion Effect on the Stability of ZMOFs 
5.1.1. Introduction 
Zeolite Metal Organic Frameworks (ZMOFs) represent a subcategory of MOMs which 
have shown great potential for diverse applications due to their extra-large cavities. Indeed, 
ZMOFs have emerged as novel porous materials holding zeolitic topologies with pores many times 
larger than the inorganic zeolites. These specific materials have been designed and synthesized 
using many approaches (i.e, MBB approach) and have been tuned for multiple uses. ZMOFs 
exhibit similar properties as zeolites, mainly, i) the forbidden interpenetration which allows for 
accessible large surface area and ii) water stability which allows for the diverse manipulations (not 
a common property in MOMs). 
Many investigations have been conducted in order to study the thermal, and chemical 
stability of ZMOFs along with their suitability for gas storage and separation. Several 
modifications have been done on ZMOFs, both pre- and post- modifications, in order to increase 
their stability and the gas uptake. Indeed, our group has successfully synthesized two ZMOFs, 
rho-ZMOF and sod-ZMOF, and systematically employed both materials to answer some of the 
industrial and environmental questions. rho-ZMOF and sod-ZMOF have shown great potential 
for hydrogen storage and drug delivery. Due to their negatively charged framework, rho and sod-
ZMOF are amenable to cation exchange and therefore to afford additional hydrogen binding sites. 
We previously reported the effect of Mg2+ and Li+ cations on hydrogen sorption in rho-
ZMOF and the effect of these extra-framework ions on the electrostatic field in the cavity which 
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is reflected by the increase of the isosteric heats of adsorption of molecular hydrogen. We also 
have reported that the direct contact (i.e, open metal sites) of hydrogen with the extra-framework 
cations is not possible as the cations maintain their aqua complexes form (Figure 5.1.1) within the 
temperatures where rho-ZMOF is thermally stable (~ 115oC). In this subchapter, we will discuss 
the exchange of the aqua ligands around the extra-framework cations with other ligands which 
have shown to increase the thermal stability of the framework (~300oC) and consequently increase 
the isosteric heat of adsorption of molecular hydrogen in rho-ZMOF. 
 
 
 
Figure 5.1.1: A fragment of Mg-rho ZMOF showing the position of the extra-framework cations 
inside the α cages 
 
5.1.2. Results and Discussion 
rho-ZMOF was synthesized by slightly changing the procedure in literature1. To a 
DMF/Ethanol/CH3CN solution, 23mg of HImDC and 15mg of In(NO3)3.xH2O were added in a 
vial, sealed, and heated to 85oC for 12 hours and 105oC for 24 hours. The crystalline product was 
confirmed to be rho-ZMOF with PXRD, washed with DMF solution and left in a 200 proof ethanol 
solution of 0.05M Fe(NO3)3.9H2O for 40 hours. The yellow/orange exchanged crystals were 
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washed with DMF several times to get rid of excess iron and left in a solution of DMF. At a rate 
of 1 drop per 10 seconds, a solution of 0.75M KSCN was added to the iron exchanged rho-ZMOF 
until all compound turned burgundy (Figure 5.1.2). 
 
 
 
 
Figure 5.1.2: (Left) DMA rho-ZMOF. (Middle) Fe3+exchanged rho-ZMOF.  
(Right) [FeNCS]n+ rho-ZMOF. 
 
The newly [FeNCS]n+ exchanged rho-ZMOF was washed and left in acetonitrile for 24 
hours. Atomic Absorption (AA) studies has proven the presence of excess iron in the cavities (32 
Fe3+ as opposed to the expected 16 Fe3+ per unit cell). This phenomenon was introduced by Jarrod 
J. Eubank in his dissertation where the structure of rho-ZMOF is capable of accommodating 
additional extra-framework cations (Figure 5.1.3). Indeed, the charge of DMA rho-ZMOF is 
balanced out by 48 DMA ions set for cation exchange (48 M+, 24 M2+, 16M3+) and the additional 
cations can replace the hydrogen shown in Figure 5.13, which could explain the results of AA.  
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Figure 5.1.3: (Left) HImDC ligand in DMA rho-ZMOF can afford sites for additional extra-
framework (M) cations (right). 
 
FT-IR investigation has proven the presence of [FeNCS] in rho-ZMOF as the broad peak 
of N-C-S at ~2100 cm-1 is present2 and comparable to the peak in [FeNCS] solution (Figure 5.1.4). 
Depending on the amount of thiocyanate anion added, it is reported that the iron thiocyanate 
complex has different charges. In our experiment, we did not further discuss the charge of the 
FeNCS complex in rho-ZMOF.  
 
 
Figure 5.1.4: FT-IR spectrum showing the broad N-C peak at 2100cm-1in both FeNCS solution 
(light blue) and FeNCS exchanged rho-ZMOF (red). DMA rho-ZMOF was used as a control 
spectrum (dark blue) where the N-C peak is absent. 
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To investigate the effect of the thiocyanate ligand on the stability of the framework and the 
hydrogen uptake, TGA studies and hydrogen sorption isotherms for the FeNCS exchanged rho-
ZMOF were collected. Three samples; Li-rho, Fe3+-rho and FeNCS rho, were dried in air for 24 
hours and put in TGA instrument. Thermal analysis has showed the stability of FeNCS-rho at 
approximately 350oC while Li-rho and Fe-rho are stable at approximately 200oC. Usually, heating 
a MOM above 500oC destroys the framework completely and a metal oxide complex is left as a 
residue. In the case of FeNCS-rho, we noticed a higher weight residue left even after heating above 
700oC which can further prove the positive effect of the FeNCS complex on the stability of rho-
ZMOF (Figure 5.1.5).  
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Figure 5.1.5: Thermal analysis of DMA rho, Li-rho, and [FeNCS]-rho ZMOF 
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Hydrogen sorption isotherms revealed that FeNCS-rho is more thermally stable than other 
metal exchanged rho-ZMOF, can store higher amount of hydrogen, and reveals an interesting 
results on the isosteric heat of adsorption of H2. All isotherms were collected at 77K and 87K and 
samples were evacuated at room temperature, 150oC, and 300oC. The hydrogen uptake in FeNCS 
rho when heat up to 300oC is similar to that of reported DMA-rho at 115oC, 0.93% at 1atm. As 
mentioned before, DMA-rho is not stable above 115oC under vacuum which renders the results 
collected from FeNCS-rho quite interesting (Figure 5.1.6). 
 
 
Figure 5.1.6: H2 isotherms for FeNCS-rho at different temperature.  
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The isosteric heats of adsorption of hydrogen in FeNCS-rho were estimated at low loading 
to be approximately 12kJ.mol-1 and at half loading to be higher than the DMA and cation 
exchanged rho-ZMOF, 8.5kJ.mol-1. These results show that the electrostatic field generated by the 
FeNCS complex is larger and stronger than the one produced by the metal-aqua complexes; the 
enthalpy of adsorption of hydrogen is high even at high loading (Figure 5.1.7). 
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Figure 5.1.7: Isosteric heats of adsorption in [FeNCS] rho-ZMOF calculated from the 
corresponding isotherms at 77K and 87 K. 
 
These findings are promising and could be regarded as a stepping stone to understanding 
the behavior of molecules or complexes inside of MOMs and ZMOFs, in particular. Also, toward 
the increase of the binding energies of hydrogen to values between 15-20kJ.mol-1 as the 
Department of Energy (DOE) has set in the Energy Efficiency and Renewable Energy (EERE) 
program.3 The opportunity to study the effect of different cation complexes afforded by anionic 
frameworks such as ZMOFs is valuable. The challenge is to recognize the right cation complex 
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readily formed or encapsulated inside the cavities of the framework. We were able to construct the 
FeNCS complex post- synthetically without destroying the framework of rho-ZMOF however, 
certain complexes we considered were either insoluble such as Cu(OH)2 complex or too large to 
diffuse inside the cavities, such as [Co(NH3)6]
3+. We will discuss in the following subchapter the 
drug control project we investigated using the [Co(NH3)6]
3+ effect on rho-ZMOF. 
5.2. Purification of Natural Product Medicaments through MOMs 
5.2.1. Introduction 
There is a growing need for new medicaments capable to stand the fight against drug 
resistant bacteria and viruses. The undeniable urgency to discover new drugs has led scientists to 
study anti-infective agents from natural products. Indeed, natural products account for nearly 75% 
of new drug agents and/or their analogues4-6. One of the main challenges of drug discovery from 
natural products is the purification of the active ingredient from the crude extract. Once the natural 
specimen has secreted the desired compound, the separation and purification of the different 
components of the media is key; High Pressure (Performance) Liquid Chromatography (HPLC) 
and Medium Pressure Liquid Chromatography (MPLC)7-9 are two common methods of product 
purification and fractionation.  
Commonly, HPLC and MPLC are separation techniques which rely on the ability of the 
components of a mixture (mobile phase) to interact differently with the stationary phase (silica 
based column). The mobile phase runs through the column which creates a flow rate and therefore 
forces the separation of the mixture compounds. Silica columns separate components of a mixture 
depending on the polarity of the molecule; the more polar component interacts strongly with the 
column; this interaction creates a retention time for such molecules while the less polar 
components of the mixture travel through the column at a faster rate. The amount of pressure used 
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to transfer the mobile phase determines the type of chromatography; HPLC is performed at 
pressures up to 400atm, while MPLC is operated around pressures of 2-20 atm.  
One of the most challenging aspect of natural products purification and isolation of active 
compounds from fungi and bacteria is the removal of the sugar media from the rest of polar 
molecules (polar molecules are commonly the molecule of interest)10. Sugar media is essential for 
the growth and secretion of targeted active ingredients from fungi and bacteria, and due to its small 
formula (e.g. C6H12O6), is soluble in almost all organic solvents used for natural products 
purification (e.g. methanol, butanol, and water). Analytical scientists use multiple chromatography 
columns and solvents in the prospect of purifying their compounds which causes the task to 
become tedious and expensive. Thus, the incorporation of novel materials amenable to better 
separation of compounds (as stationary phase) for chromatography studies is advantageous and 
beneficial. 
Crystalline Microporous Coordination Polymers (MCPs) and more specifically MOMs 
have shown a great potential in liquid separation due to their high surface area and their 
enantioselectivity11. The hybrid nature of MOMs (i.e, metal cluster and organic linker) has render 
them perfect candidates for the fractionation of complex liquid mixtures. Truly, the bonding and 
the functionality of MOMs circumvent the non-systematic composition of many amorphous 
structures such as silica and carbon columns. The diversity of pore size in MOMs (i.e, 2-50 Å) 
also affords a broader range for the separation of large molecules (e.g. erythromycin) from much 
smaller compounds (e.g. glucose), in contrast to many zeolites. Compared to zeolites or activated 
carbons, MOMs provide finer composites for liquid separation due to their readily functionalized 
frameworks. 
138 
 
So far, studies have been conducted to separate different organic solvents/analytes using 
MOMs as the stationary phase. Matzger and al. have published a review in 2011 where they detail 
the work done on liquid phase separation of different analytes such as 2-butanol, menthone, and 
fenchone (Figure 5.2.1).12 Computational studies have been reported quantifying the liquid 
chromatography separation performance of amino acids through MOMs and more specifically 
MIL-101.13 
 
 
Figure 5.2.1: Compounds used to study MOMs as stationary phase in liquid separation. 
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As part of this dissertation, we collaborated with Dr Bill J. Baker to study the influence of 
HKUST-1 column as a stationary phase on the purification and fractionation of natural products. 
HKUST-114-15 provides both size separation and polarity based retention. Indeed, HKUST-1 offers 
different pore sizes (i.e, tetrahedral cage, and rhombicuboctahedral cage) and both metal clusters 
and organic ligand as polar/non-polar sites. HKUST-1 is inexpensive and highly scalable which 
render the substitution of silica and/or carbon columns by MOMs columns affordable and 
beneficial. HKUST-1 has been reported to be an appropriate sorbent for size, and shape selectivity 
and an example of enantioselectivity experiments among MOMs. Compared to silica and activated 
carbon, MOMs offer a tremendous surface area, a readily functionalized media and a cheaper 
alternative.  
5.2.2. Results and Discussion 
HKUST-1 was synthesized and scaled up according to the procedure reported in literature. 
It was left in methanol for 3 days and dried using Rotovap. The MPLC column was prepared by 
packing it entirely with HKUST-1. Before packing, HKUST-1 was characterized with PXRD to 
determine the preservation of the crystalline structure after drying. The column was loaded into 
MPLC instrument and methanol was eluded through the column before loading our mixture sample 
(Figure 5.2.2). A mixture of four compounds have been prepared by dissolving erythromycin 
(antibiotic), Tylosin tartrate (antibiotic), L-ascorbic acid (Vitamin C), and D-Glucose (sugar from 
the fungi and bacteria growing media) in methanol. Once the mixture was separation through 
MPLC, it was monitored with LC/MS to determine the nature of each fraction and the successful 
separation of the compounds. 
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Figure 5.2.2: (a) section of the crystal structure of HKUST-1. (b) Packed column with HKUST-1 
loaded in MPLC instrument. (c) From top to bottom: Tylosin tartrate, Erythromycin, D-Glucose, 
and L-ascorbic acid.  
 
The compounds used in the mixture sample were selected for their activity (antibiotics) 
and for their abundance in common natural products crude extracts (D-glucose). Indeed, glucose 
is one of the media ingredient which is difficult to isolate and requires multiple attempts through 
MPLC and HPLC columns to separate from the desired compounds. Far more often, natural 
product chemists leave the glucose compound as part of their desired fraction which makes the 
purification of the active compound impossible. Utilizing a sorbent capable of separating fractions 
depending on their size, shape and polarity (i.e., HKUST-1), we were able to remove the D-
Glucose molecule from the mixture and separate erythromycin, tylosin, and L-ascorbic acid into 
fractions which were further analyzed with LC/MS (Figure 5.2.3).  
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Figure 5.2.3: LC/MS results for the separation of our sample mixture. 
 
The separation of our mixture compounds is observed qualitatively using liquid 
chromatography coupled with mass spectrometry (LC/MS). Peaks from L-ascorbic acid showed 
at the beginning of the experiment demonstrating the early elution of small molecules while larger 
molecules, erythromycin and tylosin, revealed in later fractions. L-glucose peaks did not show in 
any fraction analyzed which points to the possibility of L-glucose being entrapped inside the 
cavities of HKUST-1. From previous results reported concerning HKUST-1 as stationary phase in 
liquid chromatography, it has been proven the possibility of metal- sorbate interaction and/or 
coordination which could explain the absence of L-glucose peak in LC/MS analysis. In summary, 
HKUST-1 is a suitable sorbent to remove L-glucose from natural product mixtures at early stages 
of extract purification.  
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5.3. Hydrogen Storage Investigation in Pillared Camphoric MOMs 
5.3.1. Synthesis of Pillared Camphoric MOMs 
For the purpose of this chapter, we have constructed a copper version of previously 
synthesized Zn-camphorate MOM16. The copper paddlewheel is far more stable than other 
analoguous structures and provides a base for stable MOMs for several applications. A solution of 
(1R,3S)-(+)-1,2,2-trimethyl cyclopentane-1,3-dicarboxylic acid (camphoric acid), pyrazine, and 
Cu(NO3)2. 2.5H2O in DMF/ethanol at 105
oC, yielded green/blue plate-like crystals, 
[Cu(camphorate)(pyrazine)0.5]n, 16. Also, a solution of (1R,3S)-(+)-1,2,2-trimethyl cyclopentane-
1,3-dicarboxylic acid (camphoric acid), 4,4’ dipyridyl (also bipyridine; bipy), and Cu(NO3)2. 
2.5H2O in DMF/ethanol at 105
oC, yielded green/blue plate-like crystals, 
[Cu(camphorate)(bipy)0.5]n, 17. Both these compounds were characterized through PXRD by 
comparing their spectra to the spectra of the parent compounds (see appendix B). Both 16 and 17 
can be viewed as pillared square lattice strucutres where the sql moiety is contructed through the 
coordination of camphrate to the copper paddlewheels and further pillared with pyrazine or bipy 
(Figure 5.3.1).  
 
Figure 5.3.1: (a) Illustration of the bow-tie 2D sql layer, (b) pillared by pyrazine and (c) Bipy 
(right) to construct compounds 16 and 17 consecutively 
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Compounds 16 and 17 were targeted due to the readiness of the ligand and the stability of 
the copper paddlewheel. The starting materials are inexpensive, relatively non-toxic, and the 
resulting MOM compounds offer many ways of tunability and are easily scaled up for the purpose 
of our research. Both structures of 16 and 17 provide an environment where the cavities have 
windows of (11.8A, 4.099A; from the carbon atom on one camphorate to the opposite camphorate) 
along the 2D sql layer while the bipy compound, 17 offers twice the size of the channels as the 
pyrazine compound, 16 does which allows our comparative study of hydrogen diffusion in MOMs. 
5.3.2. Hydrogen storage in Pillared Camphoric MOMs 
As their isostructural compounds, compounds 16 and 17 exhibit permanent porosity which 
is confirmed by the reversible type I Argon isotherms characteristic to microporous materials. Gas 
sorption studies were conducted on fully evacuated compounds after exchanging the guest 
molecules in 16 and 17 with chloroform for 30 days. The BET surface area estimated from Argon 
isotherms at 87K is 691 m2/g in 16 and 1251 m2/g in 17.  The hydrogen uptake of 16 is 1.20 wt% 
and of 17 is 1.37 wt% which is consistent with the reported values of Zn-Camphorate MOMs. 
These two compounds prove the theory of “size matters” as it is speculated that the smaller the 
pores, the higher the isosteric heat of adsorption; the Qst for H2 in compound 16 is indeed higher 
(6.0 kJ/mol) than in 17 (5.0kJ/mol). These types of compounds are of interest as the hydrogen Qst 
only drops slightly at 100% loading (5.5kJ/mol for 16 and 4.8kJ/mol for 17) which indicates 
consistency in the interaction between the sorbed molecule (H2) and the framework all throughout 
gas loading and storage (Figure 5.3.2).  
144 
 
 
Figure 5.3.2: (a) Ar isotherm at 87K for 16; (b) Ar isotherm at 87K for 17; (c) Hydrogen isotherms 
at 77K and 87 K; and (d) Comparison of the isosteric heat of adsorption for H2 between 16 ( Cu 
CAMP Py) and 17 (Cu CAMP BIPY). 
 
The microscopic diffusion of hydrogen molecules within a MOF is a critical part of the 
favorable adsorption/desorption kinetics of such systems. While a reduction in pore size has been 
shown to improve binding energies of H2 in MOFs, it could slow down the diffusive motions of 
H2 within the pores. Quasielastic Neutron Scattering (QENS)
17-20 is perhaps the most useful 
method for the study of diffusion of hydrogen containing molecules because of the high sensitivity 
of neutrons to hydrogen, and the fact that both the time and spatial domains of such processes can 
be derived from such experiments. We have therefore prepared two pillared camphorates 
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(compounds 16 and 17) with rather different channel sizes, namely  4.6x4.2 Å2 and 8.8x4.4 Å2, 
respectively, in an effort to determine the effect of pore size on the motion of H2 molecules within. 
The QENS spectra for H2 in the two compounds were collected on the BASIS spectrometer at the 
Spallation Neutron Source at OakRidge National Laboratory. Diffusion constants for translational 
motion (table 5.3.1) in the pores were obtained by available data analysis procedures, and do 
indeed show that the diffusion rate in 16 (small pores) is appreciably slower than that in 17 (larger 
pores). The diffusion rate in the larger pores, however, showed an unusual temperature 
dependence, in that it was higher at low temperature (40K) than high temperature. This observation 
can tentatively be rationalized by proposing that the molecules move more readily along the walls 
of the pores when still adsorbed at low temperature, while crowding within the pore following 
desorption (80K) slows down the translational motion. Further experiments, particularly the 
loading dependence of the diffusion constants, as well as simulation studies, are needed for a more 
definitive interpretation of these results.  
Table 5.3.1. Diffusion constants derived from QENS spectra of H2 in 16 and 17 as a function 
of temperature. 
 
T(K) Dtrans in 16 (e-8cm3/s) Dtans in 17 (e-8cm3/s) 
40 76 450 
60 114 438 
80 104 258 
 
5.4. Summary 
Metal-Organic Materials have been the target of many researches for the sole reason that 
MOMs have shown an unprecendented potential for diverse applications. In the herein chapter, we 
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have demonstrated a hint of the possibilities in which MOMs can be applied. MOMs have a 
potential range from gas storage to liquid separation to drug purification.   
In respect of the hydrogen diffusion studies, the compounds were targeted for the stability 
of the copper paddlewheels. The parent compounds published previously were zinc and cobalt 
based 3D structures and their stability was limiting their applications. We have designed and 
synthesized compounds 16 and 17 as they offer the needed stability and the needed pores in order 
to study the effect of pore size on the hydrogen gas diffusion. Materials with high surface area 
have the ability to store large amounts of gas and materials with small pore windows showed a 
better affinity to hydrogen gas. Our results are in accordance with other groups’ findings while 
noticing a fairly new phenomenon called hydrogen supermobility where hydrogen diffuses at 
higher rates at low temperatures. Further studies need to be directed towards the determination of 
the effect of functional groups on the diffusion of hydrogen and other gases.  
Studies concerning the ability of MOMs to isolate natural products showed promising 
horizons toward the use of MOMs as chromatography columns and increased crude purification. 
MOMs columns offer both the size seclusion and functional group affinity to elutes as opposed to 
traditional columns which offer either size or polar affinity. From our findings, we have shown 
that MOMs columns isolate our target natural products (erythromycin and Tylosin) from unwanted 
compounds (i.e, glucose) in one column run as opposed to multiple traditional columns (silica, 
C18) and multiple chromatography runs ( MPLC and HPLC). The diverse molecular environment 
(Metal VS. Ligand) and size environment (tetrahedral VS nanoball cages) offered by HKUST 
render the overall environment of the MOM chromatography column amenable to separate a large 
range of molecules holding large range of properties.  
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Within our studies we have also endeavored to increase the thermal stability of ZMOFs 
through metal complex exchange while attempting to increase the binding affinity between the 
framework and the hydrogen gas adsorbed. Interestingly, we have discovered that the metal 
complex (i.e. FeNCS) contributes to an increase of a three fold thermal stability and binding 
affinity to hydrogen gas compared to simple ion aqua complexes, [Fe(H2O)6]
3+. Previous studies 
has shown the ability of metal ions to increase the affinity of hydrogen gas to the framework by 
inducing a dipole moment on H2, however the water molecules around the metal limit the impact 
of the metal on the hydrogen gas. With the introduction of the thiocyanate ligand on the metal 
complex, we have removed the aqua ligands from the metals and opened a pathway to increase the 
dipole moment on the hydrogen and therefore increase its affinity to the framework.  
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CHAPTER 6: CONCLUSION AND FUTURE OUTLOOK 
6.1. Conclusion 
Within this dissertation, we report the result findings from the implementation of a 
particular strategy toward the rational design, synthesis, and characterization of novel functional 
MOMs. Our work demonstrates the reliability and the ability of Supermolecular Building Layer 
(SBL) approach to direct the construction of novel porous materials.  
Our newly reported strategy has allowed to target intricate 2D layers which are further 
pillared by highly designed ligands yielding to functional 3 periodic MOMs. The SBL approach 
has led to a step-by-step rational transition and synthesis of novel materials. The readily assembled 
MBBs into suitable 2D layers which are further pillared by targeted linkers has forged a new route 
toward the control and synthesis of new MOMs. In addition, new materials with complex 
structures and intricate topologies were obtained upon implementing our established approach, 
highlighting the importance and the significance of pillaring.  
Exclusively, we have demonstrated the blueprint characteristics of our strategy by 
constructing an array of compounds through a well-rounded understanding of topology and simple 
transition from one structure to another by switching the right MBB. Indeed, we have targeted our 
tbo-MOMs (compounds 1-7) through the self-assembly of square and triangular MBBs (3,4 
connected net) and transitioned to the mmm-MOMs by substituting one set of square MBBs with 
tetrahedral MBBs; compounds 8 and 9 (3,4,4-connected net). We demonstrated the ability of our 
SBL approach to direct the synthesis of several archetypal compounds (compounds 1, 8, 11, and 
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14) while further controlling the synthesis of derivative functional compounds (compound 2, 9, 
12, and 15).  
Our investigations have been based on the function-structure liaison in MOMs and have 
placed the primary emphasis on constructing functional porous materials for gas sorption and guest 
exchange studies. We have targeted materials with comparative characteristics (i.e., compound 1 
and 2) for a better understanding of CO2 energetics where compound 2 is a functionalized version 
of 1 and both compounds offer a platform for a systematic study on the influence of ligand 
functionalization on gas separation and gas sorption while implementing our SBL approach. Gas 
sorption studies with these materials have shown promising potential for Natural Gas processing 
by separation from hydrocarbons and CO2. Compounds 11, 12, and 13 are a great example of 
isostructural characteristics of our approach which could be utilized for several industrial and 
environmental applications.  
In spite the fact that our design approaches have shown great reliability potential, the 
challenge of constructing the target compound lies within the control of reaction conditions and 
finding the proper condition to isolate the appropriate structure. Indeed, the construction of MBBs 
amenable for self-assembly to generate the right SBL to construct the overall 3D structure is not a 
direct and simple science. Also, the occurrence of “side” structures interfers with the control of the 
predictability of the made-to-order materials.  
In a global view, our work presented within this dissertation has contributed to a significant 
development of the field of MOMs. Not only we have demonstrated the ability of our SBL 
approach to direct the rational design of MOMs, we have also shown the ability of several nets 
(tbo-net, htb-net) to perform as templates for the construction of novel functional porous 
materials. 
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6.2. Future Outlook 
For the past two decades, MOMs have shown an infinite potential for an array of diverse 
applications and that is only the beginning. Not only MOMs have shown record breaking 
attributes, especially in surface area and gas storage, but MOMs have also proven their versatility 
and ability to contribute in new and innovative researches and industries. From the first porous 
crystalline material which opened the door to higher surface area than accustomed coordination 
compounds to the most stable environment improving (CO2 sequestration) material, MOMs have 
a bright future ahead and a great purpose yet to be discovered.  
The diverse potential of MOMs has anchor them in a multitude of applications geared 
toward a thousand and one directions all leading to state of the art discoveries. MOMs are currently 
used for thin film, polymer/MOMs hybrid, drug delivery, catalysis, and gas sequestration, and 
liquid separation, in both academia and industry researches.  
The key characteristic of MOMs is the ability to control and rationally direct their structure 
synthesis according to their intended application. While researches including MOMs are being 
geared toward functional applications, the synthesis process is still an essential portion which 
requires significant efforts and extensive studies to isolate the optimum conditions for the targeted 
structures. Research groups such as ours have dedicated their time and efforts in order to study and 
understand how to engineer functional MOM platforms. MOMs have a bright future ahead and as 
George Bernard Shaw said: “Imagination is the beginning of creation. You imagine what you 
desire, you will what you imagine and at last you create what you will,” MOMs have the potential 
to direct our imagined application. 
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APPENDICES 
Appendix A. Single-Crystal Structural Analysis and Refinement 
Table A.1. Crystal data and structure refinement for Compound 1. 
Identification code  
Empirical formula  
Formula weight  
Temperature  
Wavelength  
Crystal system, space group  
Unit cell dimensions  
 
Volume  
Z, Calculated density  
Absorption coefficient  
F(000)  
Crystal size  
Theta range for data collection  
Limiting indices  
 
Reflections collected / unique  
Completeness to theta = 25.19  
Absorption correction  
Max. and min. transmission  
Refinement method  
Data / restraints / parameters  
1  
C42 H22 Cu4 O24 
C42H22O20(Ligand).Cu4, 4O(H2O)  
1164.76  
100(2) K  
0.40663 A (synchrotron)  
Orthorhombic, Fmmm  
a = 25.042(4) A alpha = 90 deg.  
b = 26.826(4) A beta = 90 deg.  
c = 30.848(5) A gamma = 90 deg.  
 
20724(6) A3  
8, 0.747 Mg/m3  
0.167 mm1  
4656  
0.60 x 0.04 x 0.04 mm  
1.15 to 13.06 deg.  
-25<=h<=21, -25<=k<=29, -
33<=l<=25  
 
16210 / 3497 [R(int) = 0.0432]  
87.4 %  
Semi-empirical from equivalents  
0.9933 and 0.9062  
Full-matrix least-squares on F2  
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Goodness-of-fit on F^2  
Final R indices [I>2sigma(I)]  
R indices (all data)  
Largest diff. peak and hole  
3497 / 21 / 166  
1.001  
R1 = 0.0762, wR2 = 0.2391  
R1 = 0.0986, wR2 = 0.2519  
0.462 and -0.491 e.A-3  
 
Table A.2. Crystal data and structure refinement for Compound 2. 
Identification code             
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
                                
                                
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 14.24   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2          
2 
C22 H11 Co2 O12 
585.18 
100(2) K 
0.41328 A 
Orthorhombic,  Fmmm 
a = 24.2739(12) A   alpha = 90 deg. 
b = 27.7353(14) A    beta = 90 deg. 
c = 31.2528(15) A   gamma = 90 deg. 
21040.8(18) A^3 
16,  0.739 Mg/m^3 
0.132 mm^-1 
4687 
0.12 x 0.09 x 0.07 mm 
1.74 to 14.24 deg. 
-27<=h<=26, -28<=k<=32, -37<=l<=34 
26186 / 4908 [R(int) = 0.0592] 
98.6 % 
Semi-empirical from equivalents 
0.9908 and 0.9844 
Full-matrix least-squares on F^2 
4908 / 0 / 178 
1.036 
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Final R indices [I>2sigma(I)]   
R indices (all data)            
Largest diff. peak and hole     
R1 = 0.0619, wR2 = 0.1959 
R1 = 0.0736, wR2 = 0.2065 
0.376 and -0.397 e.A^-3 
 
Table A.3. Crystal data and structure refinement for Compound 3 
Identification code              
Empirical formula                
Formula weight                   
Temperature                      
Wavelength                       
Crystal system, space group      
Unit cell dimensions             
                                 
                                 
Volume                           
Z, Calculated density            
Absorption coefficient           
F(000)                           
Crystal size                     
Theta range for data collection  
Limiting indices                 
Reflections collected / unique   
Completeness to theta = 65.97    
Absorption correction            
Max. and min. transmission       
Refinement method                
Data / restraints / parameters   
Goodness-of-fit on F^2           
Final R indices [I>2sigma(I)]    
R indices (all data)             
3 
C51 H43 N3 O25 Zn4 
1359.36 
228(2) K 
1.54178 A 
Orthorhombic,  Fmmm 
a = 25.312(8) A   alpha = 90 deg. 
b = 28.420(6) A    beta = 90 deg. 
c = 30.791(7) A   gamma = 90 deg. 
22150(10) A^3 
8,  0.815 Mg/m^3 
1.369 mm^-1 
5520 
0.18 x 0.16 x 0.13 mm 
2.87 to 65.97 deg. 
-20<=h<=28, -33<=k<=33, -30<=l<=3 
19424 / 4887 [R(int) = 0.0857] 
94.7 % 
Semi-empirical from equivalents 
0.8421 and 0.7908 
Full-matrix least-squares on F^2 
4887 / 21 / 205 
1.051 
R1 = 0.0834, wR2 = 0.2203 
R1 = 0.1068, wR2 = 0.2340 
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Largest diff. peak and hole      0.971 and -0.522 e.A^-3 
 
Table A.4. Crystal data and structure refinement for Compound 4. 
Identification code  
Empirical formula  
 
 
Formula weight  
Temperature  
Wavelength  
Crystal system, space group  
Unit cell dimensions  
 
 
Volume  
Z, Calculated density  
Absorption coefficient  
F(000)  
Crystal size  
Theta range for data collection  
Limiting indices  
Reflections collected / unique  
Completeness to theta = 38.71  
Absorption correction  
Max. and min. transmission  
Refinement method  
Data / restraints / parameters  
Goodness-of-fit on F^2  
Final R indices [I>2sigma(I)]  
R indices (all data)  
4 
C69 H45 Cu4 N9 O24  
C66H38O20N8(Ligand),Cu4,3O(H2O),C3H7
NO(DMF) 
1638.30  
100(2) K  
0.40663 A (synchrotron)  
Orthorhombic, Fmmm  
a = 22.751(8) A alpha = 90 deg.  
b = 28.318(10) A beta = 90 deg.  
c = 57.36(2) A gamma = 90 deg.  
36957(23) A^3  
8, 0.589 Mg/m^3  
0.095 mm^-1  
6640  
0.05 x 0.05 x 0.05 mm  
0.69 to 11.75 deg.  
-22<=h<=22, -22<=k<=28, -56<=l<=49  
21858 / 5020 [R(int) = 0.1251]  
96.1 %  
Semi-empirical from equivalents  
0.9953 and 0.9953  
Full-matrix least-squares on F^2  
5020 / 244 / 249  
1.015  
R1 = 0.0870, wR2 = 0.2059  
R1 = 0.1476, wR2 = 0.2227  
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Largest diff. peak and hole  0.666 and -0.419 e.A^-3  
 
Table A.5. Crystal data and structure refinement for Compound 5. 
Identification code  
Empirical formula  
 
 
Formula weight  
Temperature  
Wavelength  
Crystal system, space group  
Unit cell dimensions  
 
 
Volume  
Z, Calculated density  
Absorption coefficient  
F(000)  
Crystal size  
Theta range for data collection  
Limiting indices  
Reflections collected / unique  
Completeness to theta = 63.62  
Absorption correction  
Max. and min. transmission  
Refinement method  
Data / restraints / parameters  
Goodness-of-fit on F^2  
Final R indices [I>2sigma(I)]  
R indices (all data)  
5 
C60H30Cu4O38  
C60H30O30(Ligand),Cu4,4H2O(axial), 
4O(H2O)  
1613.00  
100(2) K  
1.54178 A  
Tetragonal, I4/mmm  
a = 18.508(5) A alpha = 90 deg.  
b = 18.508(5) A beta = 90 deg.  
c = 31.112(9) A gamma = 90 deg.  
10658(5) A^3  
4, 1.005 Mg/m^3  
1.458 mm^-1  
3240  
0.10 x 0.10 x 0.10 mm  
4.78 to 63.62 deg.  
-18<=h<=16, -17<=k<=20, -36<=l<=22  
18298 / 2363 [R(int) = 0.0652]  
94.0 %  
Semi-empirical from equivalents  
0.8679 and 0.8679  
Full-matrix least-squares on F^2  
2363 / 104 / 169  
1.007  
R1 = 0.1039, wR2 = 0.2536  
R1 = 0.1269, wR2 = 0.2683  
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Largest diff. peak and hole  0.645 and -0.396 e.A^-3  
 
Table A.6. Crystal data and structure refinement for Compound 6. 
Identification code 6 
Empirical formula C26H13.5O20.71Y2 
Formula weight 834.98 
Temperature/K 293(2) 
Crystal system orthorhombic 
Space group Fmmm 
Unit cell dimensions  a= 25.325(8) Å, alpha= 90 deg 
 b= 28.846(9) Å, beta= 90 deg 
 c= 29.645(9) Å, gamma= 90 deg 
Volume/Å3 21656(12) 
Z 16 
ρcalcmg/mm3 1.024 
m/mm-1 3.342 
F(000) 6610.0 
Crystal size/mm3 0.21 × 0.17 × 0.15 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection 5.518 to 75.344° 
Index ranges -20 ≤ h ≤ 20, -22 ≤ k ≤ 22, -23 ≤ l ≤ 23 
Reflections collected 19357 
Independent reflections 1563 [Rint = 0.1914, Rsigma = 0.0734] 
Data/restraints/parameters 1563/29/156 
Goodness-of-fit on F2 1.149 
Final R indexes [I>=2σ (I)] R1 = 0.1434, wR2 = 0.3581 
Final R indexes [all data] R1 = 0.1867, wR2 = 0.3929 
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Largest diff. peak/hole / e Å-3 0.88/-0.68 
 
Table A7. Crystal data and structure refinement for Compound 7. 
      Identification code                7 
      Empirical formula                  C69.75 H30 N3.25 O47.75 Yb4 
      Formula weight                   2369.63 
      Temperature                        228(2) K 
      Wavelength                         1.54178 A 
      Crystal system Orthorhombic 
      space group    Cmca 
      Unit cell dimensions              a = 29.5591(6) A   alpha = 90 deg. 
 b = 28.7229(6) A    beta = 90 deg. 
                                        c = 25.5588(6) A   gamma = 90 deg. 
     Volume                             21700.0(8) A^3 
     Z 8 
    Calculated density    1.451 Mg/m^3 
    Absorption coefficient            6.834 mm^-1 
      F(000)                            9066 
      Crystal size                      0.20 x 0.16 x 0.14 mm 
      Theta range for data collection   4.07 to 66.68 deg. 
      Limiting indices              -26<=h<=35, -31<=k<=34, -24<=l<=30 
      Reflections collected / unique     46716 / 9562 [R(int) = 0.0799] 
      Completeness to theta = 66.60      97.50% 
      Absorption correction            Semi-empirical from equivalents 
      Max. and min. transmission        0.4480 and 0.3419 
      Refinement method               Full-matrix least-squares on F^2 
      Data / restraints / parameters    9562 / 104 / 597 
      Goodness-of-fit on F^2            1.069 
      Final R indices [I>2sigma(I)]     R1 = 0.0667, wR2 = 0.1787 
      R indices (all data)             R1 = 0.0944, wR2 = 0.1963 
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      Largest diff. peak and hole        2.613 and -1.354 e.A^-3 
 
Table A8. Crystal data and structure refinement for Compound 8. 
Identification code 8 
Empirical formula C72.5H42N2.5O36.21Zn6 
Formula weight 1919.66 
Temperature/K 99.65 
Crystal system monoclinic 
Space group C2/m 
Unit cell dimensions             a= 30.5782(18) Å, alpha= 90 deg 
 b= 28.9905(18) Å, gamma= 92.974(3) deg 
 c= 14.4464(8) Å, beta= 90 deg 
Volume/Å3 12789.2(13) 
Z 4 
ρcalcmg/mm3 0.997 
m/mm-1 1.743 
F(000) 3857.0 
Crystal size/mm3 0.1 × 0.05 × 0.025 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection 4.202 to 131.23° 
Index ranges -35 ≤ h ≤ 34, -34 ≤ k ≤ 32, -17 ≤ l ≤ 10 
Reflections collected 39803 
Independent reflections 10914 [Rint = 0.0282, Rsigma = 0.0245] 
Data/restraints/parameters 10914/106/611 
Goodness-of-fit on F2 1.051 
Final R indexes [I>=2σ (I)] R1 = 0.0676, wR2 = 0.2060 
Final R indexes [all data] R1 = 0.0734, wR2 = 0.2133 
Largest diff. peak/hole / e Å-3 0.77/-0.62 
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Table A9. Crystal data and structure refinement for Compound 9. 
Identification code             
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
                                
                                
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 14.72   
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2          
Final R indices [I>2sigma(I)]   
R indices (all data)            
Largest diff. peak and hole     
9 
C46 H20 Cu4 N3 O29.50 
1340.81 
100(2) K 
0.40663 A 
Orthorhombic,  Pbcm 
a = 12.2826(9) A   alpha = 90 deg. 
b = 25.858(2) A    beta = 90 deg. 
c = 25.867(2) A   gamma = 90 deg. 
8215.6(12) A^3 
4,  1.084 Mg/m^3 
0.213 mm^-1 
2676 
0.15 x 0.13 x 0.03 mm 
1.05 to 14.72 deg. 
-15<=h<=15, -32<=k<=32, -32<=l<=32 
102688 / 8473 [R(int) = 0.0983] 
98.4 % 
0.9936 and 0.9688 
Full-matrix least-squares on F^2 
8473 / 32 / 384 
1.059 
R1 = 0.0728, wR2 = 0.2190 
R1 = 0.0917, wR2 = 0.2333 
1.110 and -0.780 e.A^-3 
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Table A10. Crystal data and structure refinement for Compound 10. 
Identification code 10 
Empirical formula C176H80In8O158 
Formula weight 5640.96 
Temperature/K 99.99 
Crystal system tetragonal 
Space group P42/mbc 
Unit cell dimensions a= 17.7810(4) Å, alpha= 90 deg. 
 b= 17.7810(4) Å, beta= 90 deg. 
 c= 33.5243(10) Å, gamma= 90 deg. 
Volume/Å3 10599.2(5) 
Z 1 
ρcalcg/cm3 0.884 
μ/mm-1 3.999 
F(000) 2792.0 
Crystal size/mm3 0.06 × 0.04 × 0.04 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 9.948 to 100.862 
Index ranges -17 ≤ h ≤ 16, -17 ≤ k ≤ 17, -33 ≤ l ≤ 33 
Reflections collected 47253 
Independent reflections 2834 [Rint = 0.1783, Rsigma = 0.0437] 
Data/restraints/parameters 2834/56/266 
Goodness-of-fit on F2 1.128 
Final R indexes [I>=2σ (I)] R1 = 0.1116, wR2 = 0.2864 
Final R indexes [all data] R1 = 0.1593, wR2 = 0.3250 
Largest diff. peak/hole / e Å-3 0.77/-0.81 
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Table A11. Crystal data and structure refinement for Compound 11. 
Identification code 11 
Empirical formula C60H30In5O37 
Formula weight 1916.94 
Temperature/K 100.02 
Crystal system trigonal 
Space group P-3m1 
Unit cell dimensions a= 28.9498(7) Å, alpha= 90 deg. 
 b= 28.9498(7) Å, beta= 90 deg. 
 c= 13.5981(4) Å, gamma= 120 deg. 
Volume/Å3 9869.6(6) 
Z 3 
ρcalcg/cm3 0.968 
μ/mm-1 7.346 
F(000) 2793.0 
Crystal size/mm3 0.08 × 0.03 × 0.02 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 7.052 to 120.028 
Index ranges -23 ≤ h ≤ 29, -30 ≤ k ≤ 32, -15 ≤ l ≤ 15 
Reflections collected 28646 
Independent reflections 5177 [Rint = 0.0829, Rsigma = 0.0552] 
Data/restraints/parameters 5177/11/253 
Goodness-of-fit on F2 0.981 
Final R indexes [I>=2σ (I)] R1 = 0.0540, wR2 = 0.1466 
Final R indexes [all data] R1 = 0.0771, wR2 = 0.1564 
Largest diff. peak/hole / e Å-3 0.64/-0.48 
 
 
 
163 
 
Table A12. Crystal data and structure refinement for Compound 12. 
Identification code 12 
Empirical formula C64.4H31.83Mn4.17N1.6O39.17 
Formula weight 1683.58 
Temperature/K 100(2) 
Crystal system trigonal 
Space group P-3m1 
Unit cell dimensions 27.923(2) Å, alpha= 90 deg. 
 27.923(2) Å, beta= 90deg. 
 14.7830(12) Å, gamma= 120 deg. 
Volume/Å3 9981.8(14) 
Z 3 
ρcalcg/cm3 0.840 
μ/mm-1 0.081 
F(000) 2541.0 
Crystal size/mm3 0.05 × 0.04 × 0.02 
Radiation synchrotron (λ = 0.40663) 
2Θ range for data collection/° 2.3 to 29.9 
Index ranges -34 ≤ h ≤ 19, -20 ≤ k ≤ 35, -15 ≤ l ≤ 13 
Reflections collected 28678 
Independent reflections 6813 [Rint = 0.0423, Rsigma = 0.0405] 
Data/restraints/parameters 6813/57/328 
Goodness-of-fit on F2 1.115 
Final R indexes [I>=2σ (I)] R1 = 0.0543, wR2 = 0.1914 
Final R indexes [all data] R1 = 0.0672, wR2 = 0.2001 
Largest diff. peak/hole / e Å-3 0.57/-0.44 
 
 
164 
 
Table A13. Crystal data and structure refinement for Compound 13. 
Identification code 13 
Empirical formula C71H37Co4N3O35 
Formula weight 1727.76 
Temperature/K 100(2) 
Crystal system trigonal 
Space group P-3m1 
Unit cell dimensions a= 27.658(3) Å, alpha= 90 deg. 
 b= 27.658(3) Å, beta= 90 deg.  
 c= 14.8085(17) Å, gamma= 120 deg.  
Volume/Å3 9810.5(19) 
Z 3 
ρcalcg/cm3 0.877 
μ/mm-1 0.104 
F(000) 2616.0 
Crystal size/mm3 0.04 × 0.04 × 0.01 
Radiation synchrotron (λ = 0.40663) 
2Θ range for data collection/° 1.94 to 30.4 
Index ranges -21 ≤ h ≤ 33, -33 ≤ k ≤ 27, -18 ≤ l ≤ 10 
Reflections collected 36065 
Independent reflections 7309 [Rint = 0.0880, Rsigma = 0.0731] 
Data/restraints/parameters 7309/90/325 
 
Table A14. Crystal data and structure refinement for Compound 14. 
Identification code hm1785_0m 
Empirical formula C96H54Cu6N12O36 
Formula weight 2332.75 
Temperature/K 100.02 
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Crystal system trigonal 
Space group P-3 
Unit cell dimensions a= 18.252(4) Å, alpha= 90 deg.  
 b= 18.252(4) Å, beta= 90 deg. 
 c= 25.175(5) Å, gamma= 120 deg 
Volume/Å3 7263(3) 
Z 1 
ρcalcg/cm3 0.533 
μ/mm-1 0.750 
F(000) 1176.0 
Crystal size/mm3 0.05 × 0.05 × 0.01 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 5.59 to 79.762 
Index ranges -14 ≤ h ≤ 12, -15 ≤ k ≤ 14, -16 ≤ l ≤ 20 
Reflections collected 10134 
Independent reflections 2801 [Rint = 0.0680, Rsigma = 0.1082] 
Data/restraints/parameters 2801/391/197 
Goodness-of-fit on F2 0.988 
Final R indexes [I>=2σ (I)] R1 = 0.0957, wR2 = 0.2614 
Final R indexes [all data] R1 = 0.1490, wR2 = 0.2815 
Largest diff. peak/hole / e Å-3 0.54/-0.23 
 
Table A15. Crystal data and structure refinement for Compound 15. 
Identification code 15 
Empirical formula C47.99H26.99Cu4O23 
Formula weight 1225.72 
Temperature/K 228.15 
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Crystal system monoclinic 
Space group C2/c 
Unit cell dimensions a= 29.954(3) Å, alpha= 90 deg. 
 b= 18.1091(19) Å, beta= 108.547 deg. 
 c= 32.619(5) Å, gamma= 90 deg. 
Volume/Å3 16775(3) 
Z 8 
ρcalcg/cm3 0.971 
μ/mm-1 1.584 
F(000) 4919.0 
Crystal size/mm3 0.15 × 0.11 × 0.08 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 5.716 to 117.852 
Index ranges -22 ≤ h ≤ 31, -9 ≤ k ≤ 16, -36 ≤ l ≤ 34 
Reflections collected 18595 
Independent reflections 9413 [Rint = 0.1105, Rsigma = 0.1784] 
Data/restraints/parameters 9413/248/716 
Goodness-of-fit on F2 1.006 
Final R indexes [I>=2σ (I)] R1 = 0.0784, wR2 = 0.2184 
Final R indexes [all data] R1 = 0.1536, wR2 = 0.2573 
Largest diff. peak/hole / e Å-3 0.72/-0.45 
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Appendix B. Powder X-ray Diffraction Spectra 
 
Figure B.1. PXRD spectra of 1; red = calculated, black = experimental 
 
Figure B.2. PXRD spectra of 2; red = calculated, black = experimental 
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Figure B.3. PXRD spectra of 3; red = calculated, black = experimental 
 
Figure B.4. PXRD spectra of 4; red = calculated, black = experimental 
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Figure B.5. PXRD spectra of 5; red = calculated, black = experimental 
 
Figure B.6. PXRD spectra of 6; red = calculated, black = experimental 
170 
 
 
Figure B.7 PXRD spectra of 7; red = calculated, black = experimental 
 
Figure B.8 PXRD spectra of 8; red = calculated, black = experimental 
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Figure B.9 PXRD spectra of 9; red = calculated, black = experimental 
 
Figure B.10 PXRD spectra of 10; red= calculated, black = experimental 
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Figure B.11 PXRD spectra of 11; red= calculated, black = experimental  
 
Figure B.12 PXRD spectra of 12; red= calculated, black = experimental 
173 
 
 
Figure B.13 PXRD spectra of 13; red= calculated, black = experimental 
 
Figure B.14 PXRD spectra of 14; red= calculated, black = experimental 
174 
 
 
Figure B.15 PXRD spectra of 15; red= calculated, black = experimental 
 
Figure B.16 PXRD spectra of 16; red= reported Ni-Pyr Camphorate, black = experimental 
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Figure B.17 PXRD spectra of 17; red= reported Ni-Bipy Camphorate, black = experimental 
